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Abstract
Run 2 LHC data show hints of a new resonance in the diphoton distri-
bution at an invariant mass of 750 GeV. We analyse the data in terms
of a new boson, extracting information on its properties and exploring
theoretical interpretations. Scenarios covered include a narrow reso-
nance and, as preliminary indications suggest, a wider resonance. If
the width indications persist, the new particle is likely to belong to a
strongly-interacting sector. We also show how compatibility between
Run 1 and Run 2 data is improved by postulating the existence of an
additional heavy particle, whose decays are possibly related to dark
matter.
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1 Introduction
The ATLAS and CMS collaborations have recently presented the first data obtained at the
LHC Run 2 with pp collisions at energy
√
s = 13 TeV [1].
The ATLAS collaboration has 3.2 fb−1 of data and claims an excess in the distribution
of events containing two photons, at the diphoton invariant mass M ≈ 750 GeV with 3.9σ
statistical significance (2.3σ after including the look-elsewhere effect). The ATLAS excess
consists of about 14 events (with selection efficiency 0.4) which appear in at least two energy
bins, suggesting a best-fit width of about 45 GeV (Γ/M ≈ 0.06), although the very existence
of this feature is uncertain.
The result is partially corroborated by the CMS collaboration with integrated luminosity
of 2.6 fb−1, which has reported a mild excess of about 10 γγ events, peaked at 760 GeV. The
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best fit has a narrow width and a local statistical significance of 2.6σ. Assuming a large width
Γ/M ≈ 0.06, the significance decreases to 2.0σ, corresponding to a cross section of about 6 fb.
The anomalous events are not accompanied by significant missing energy, nor leptons or
jets. No resonances at invariant mass 750 GeV are seen in the new data in ZZ, `+`−, or jj
events. No γγ resonances were seen in Run 1 data at
√
s = 8 TeV, altough both CMS and
ATLAS data showed a mild upward fluctuation at mγγ = 750 GeV. The excess in the cross
sections in the mγγ interval, roughly corresponding to the claimed width, can be estimated as:
σ(pp→ γγ) ≈

(0.5± 0.6) fb CMS [2] √s = 8 TeV,
(0.4± 0.8) fb ATLAS [3] √s = 8 TeV,
(6± 3) fb CMS [1] √s = 13 TeV,
(10± 3) fb ATLAS [1] √s = 13 TeV.
(1)
The data at
√
s = 8 and 13 TeV are compatible at 2σ if the signal cross section grows by at
least a factor of 5.
While the answer to the question in the title could just be “a statistical fluctuation”, it is
interesting to try to interpret the result as a manifestation of new physics. In section 2 we
assume that the signal is due to a new resonance and determine the required partial widths,
relating them to an effective description in terms of non-renormalizable operators. In section 3
we present weakly-coupled renormalizable models that realise the necessary properties of the
resonance. The total signal rate can be reproduced in simple models, while rather special
ingredients are needed to reproduce also the relatively large width. An alternative explanation
of the apparently large width could come from a multiplet of narrow resonances with mass
difference comparable to Γ. In section 4 we interpret the signal in the context of strongly-
interacting new physics. Modelling the resonance as a composite state allows for a natural
explanation of the large width, as well as the partial width in the γγ channel. In section 5
we consider decays into Dark Matter. In section 6 we discuss the compatibility between data
at
√
s = 8 and 13 TeV and propose a different approach to explain the absence of signals
in Run 1. We speculate on the existence of a new particle, too heavy to have a significant
production rate at
√
s = 8 TeV, but much more accessible at 13 TeV. This particle decays
into the 750 GeV resonance accompanied either by invisible particles, possibly related to dark
matter, or to undetected soft radiation. Conclusions are presented in section 7.
2 Phenomenological analysis
We start by interpreting the excess as the resonant process pp → S → γγ where S is a new
uncoloured boson with mass M , spin J , and width Γ, coupled to partons in the proton. The
signal cross section at proton centre-of-mass energy
√
s (= 8 or 13 TeV) is
σ(pp→ S → γγ) = 2J + 1
MΓs
[∑
℘
C℘℘¯Γ(S → ℘℘¯)
]
Γ(S → γγ) , (2)
where the relevant S decay widths are evaluated at leading order in QCD. The sum is over
all partons ℘ = {g, b, c, s, u, d, γ}. The 2J + 1 factor could be reabsorbed by redefining the
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widths as summed over all S polarisations, rather than averaging over them. The decay into
two photons implies that the two relevant cases are J = 0, 2. As far as eq. (2) is concerned,
without loss of generality, we can focus on a spin-0 resonance. The dimensionless partonic
integrals are
Cgg =
pi2
8
∫ 1
M2/s
dx
x
g(x)g(
M2
sx
), (3a)
Cγγ = 8pi
2
∫ 1
M2/s
dx
x
γ(x)γ(
M2
sx
), (3b)
Cqq¯ =
4pi2
9
∫ 1
M2/s
dx
x
[
q(x)q¯(
M2
sx
) + q¯(x)q(
M2
sx
)
]
. (3c)
Their numerical values, computed for a resonance atM = 750 GeV using the MSTW2008NLO [4]
set of pdfs evaluated at the scale µ = M , are:
√
s Cbb¯ Ccc¯ Css¯ Cdd¯ Cuu¯ Cgg Cγγ
8 TeV 1.07 2.7 7.2 89 158 174 11
13 TeV 15.3 36 83 627 1054 2137 54
, (4)
where Cγγ has a 100% uncertainty if extracted purely from data without relying on theory.
On the other hand, the values of Cγγ are reliably extracted from theory, assuming that quark
splittings into photons dominate the photon pdf. Thus, the gain factors r = σ13 TeV/σ8 TeV =
[C℘℘/s]13 TeV/[C℘℘/s]8 TeV from 8 to 13 TeV are
rbb¯ rcc¯ rss¯ rdd¯ ruu¯ rgg rγγ
5.4 5.1 4.3 2.7 2.5 4.7 1.9
. (5)
Higher order QCD corrections (not included here) can modify the numbers in eq. (4) by K
factors of order unity. Typical values at NLO are Kgg = 1.5 and Kqq¯ = 1.2 (c.f. [5]). These
corrections depend on the specific channel but negligibly depend on
√
s because we are consid-
ering a resonant process that always occurs at the same centre-of-mass parton energy. Hence,
they roughly cancel out in the gain factors r.
We will focus mostly on gg and bb¯ induced processes, which represent the extreme cases
as they give the minimum and maximum value of C, and also lead to a large gain in parton
luminosity going from 8 to 13 TeV, as needed to fit the data. On the other hand, S production
from γγ (see also [6]) is disfavoured by the small value of rγγ, which has a small uncertainty,
because partonic photons are dominantly emitted from u quarks, and their pdf evolution is
under good theoretical control.
2.1 An s-channel resonance coupled to gluons and photons
Let us first consider the case in which a spin-0 resonance is produced from gluon fusion and
decays into two photons. When production from γγ partons can be neglected with respect to
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Figure 1: Left (a): The yellow region describes the range of Γ(S → gg)/M and Γ(S → γγ)/M
in which the diphoton rate can be fitted as gg → S → γγ. Its upper boundary is the green band
(at 1σ and 2σ) in which the total width is Γ/M ≈ 0.06, as suggested by data. Its lower boundary
is the blue band, which assumes a minimal total width Γ = Γ(S → gg) + Γ(S → γγ). The grey
region is excluded by searches for dijet resonances at Run 1 and is conservatively computed
assuming Γ = Γgg + Γγγ. The upper and right axes show the values of the operator coefficients
defined in eq. (10). The dotted lines show iso-curves of the ratio between production cross-
sections at 13 TeV and 8 TeV. Right (b): The analogous plot, assuming that the resonant
production is initiated by bb¯.
production from gg, the claimed signal rate is reproduced for
BR(S → γγ) BR(S → gg) ≈ 1.1× 10−6 M
Γ
≈ 1.8× 10−5, (6)
or, equivalently,
Γγγ
M
Γgg
M
≈ 1.1× 10−6 Γ
M
≈ 6× 10−8, (7)
where Γγγ ≡ Γ(S → γγ) and Γgg ≡ Γ(S → gg). The first set of equalities in eqs. (6)–(7) follows
from the request σ(pp→ γγ) ≈ 8 fb at √s = 13 TeV, while the second one uses the additional
information on the total width, Γ/M ≈ 0.06.
Figure 1a visualises the region of Γγγ and Γgg in which the observed excess can be explained.
The diphoton rate implies that the acceptable region must lie above the blue band, which is
obtained by assuming no extra decay channels (Γ = Γgg + Γγγ). Note that the blue band is
5
final σ at
√
s = 8 TeV implied bound on
state f observed expected ref. Γ(S → f)/Γ(S → γγ)obs
γγ < 1.5 fb < 1.1 fb [8, 9] < 0.8 (r/5)
e+e−, µ+µ− < 1.2 fb < 1.2 fb [10] < 0.6 (r/5)
τ+τ− < 12 fb < 15 fb [11] < 6 (r/5)
Zγ < 11 fb < 11 fb [12] < 6 (r/5)
ZZ < 12 fb < 20 fb [13] < 6 (r/5)
Zh < 19 fb < 28 fb [14] < 10 (r/5)
hh < 39 fb < 42 fb [15] < 20 (r/5)
W+W− < 40 fb < 70 fb [16, 17] < 20 (r/5)
tt¯ < 450 fb < 600 fb [18] < 300 (r/5)
invisible < 0.8 pb - [19] < 400 (r/5)
bb¯ <∼ 1 pb <∼ 1 pb [20] < 500 (r/5)
jj <∼ 2.5 pb - [7] < 1300 (r/5)
Table 1: Upper bounds at 95% confidence level on pp cross sections at
√
s = 8 TeV for various
final states produced through a resonance with M = 750 GeV and Γ/M ≈ 0.06. Assuming that
the production cross section grows as r = σ13 TeV/σ8 TeV ≈ 5, and that S → γγ fits the central
value of the γγ anomaly, we show in the last column the upper bounds on the partial widths in
different channels. Similar analyses claim a bound on the jj cross section which is weaker by
a factor of few, and with a surprisingly large dependence on the assumed width and shape.
essentially straight when Γgg  Γγγ. This is because, in this limit, the total width is Γ ≈ Γgg,
and eq. (7) simplifies into Γγγ/M ≈ 1.1× 10−6, irrespectively of the value of Γ.
In the opposite limit Γγγ  Γgg, production from γγ partons becomes important and this
is reflected in the figure by the fact that all allowed bands become horizontal at negligible Γgg
and at
Γ(S → γγ)
M
= 0.008
√
Γ
M
≈ 0.002 i.e. BR(S → γγ) ≈ 0.008
√
M
Γ
≈ 0.03. (8)
However, at the same time, Run 2 and Run 1 γγ data become incompatible such that a joint
fit has a poor confidence level.
In each point of the allowed region in fig. 1a above the blue band (coloured in yellow), eq. (7)
determines the value of the total width. In particular, along the green band the constraint on
the total width Γ/M ≈ 0.06 is satisfied. This is the region singled out by the ATLAS data, taken
at face value. In each point of the plane in fig. 1a we can compute the rate of dijets induced
by the decay of S back into two gluons. Searches for dijet resonances at
√
s = 8 TeV [7] rule
out the grey region in the figure. Note that, for Γgg > Γγγ, a resonance coupled only to gluons
and photons (which corresponds to the intersection between blue and green bands) predicts a
peak in pp→ jj in tension with the existing experimental upper bound.
In order to relax this constraint, it is useful to consider extra decay channels beyond γγ
and gg. Table 1 summarises the upper bounds on cross sections at 8 TeV due to an s-channel
6
narrow resonance at 750 GeV, decaying into various final states. In the last column of the table,
the limit on the 8 TeV cross section is translated into a limit on the partial decay width, in
units of the width into photons corresponding to the ATLAS observation. The rescaling factor
r = σ13 TeV/σ8 TeV is about 5 for resonances produced from gluons (as well as bottom quarks), see
eq. (5). The first entry in the table shows that rescaling the 8 TeV data constrains the diphoton
peak to be at most 80% of what observed by ATLAS. In section 6 we will further discuss this
tension and show how it can be resolved by the production of a new particle heavier than S.
The other entries show that significant constraints are present in all channels. This holds even
for a possible invisible decay of S into neutrinos or dark matter particles. By computing the
pp→ jS cross section, with the jet j arising from initial state radiation (assuming that pp→ S
comes from gg partons), and comparing it to the bounds on jets plus missing energy, we find
the constraint on the invisible width shown in the table. For the channels above the horizontal
line, the constraints are strong enough that a width Γ/M ≈ 0.06 cannot be reproduced without
entering in conflict also with eq. (8). On the other hand, the weakest bound corresponds to a
peak in the dijet distribution. As long as the simplest decay channels are considered, the total
width cannot be larger than Γ<∼ 1500× Γ(S → γγ)obs. Using the ATLAS result Γ/M ≈ 0.06,
this bound implies Γγγ/M > 4× 10−5. This conclusion can be avoided by devising special final
states with weaker bounds, such as many soft multi-jets.
The impact of the Run 1 searches for resonances on the interpretation of the ATLAS excess
is visualised in the left panel of fig. 2. We assume here that S has three possible decay modes:
γγ, gg, and one of the channels listed in the figure. In each case, we show the region in which
the rate and total width of the excess are explained, and all bounds from Run 1 data given in
table 1 are satisfied. When the third decay channel involves quarks, the contribution to the
S production cross section is included. We observe from the left panel of fig. 2 that solutions
are possible for all channels, although the most constrained channels (e.g. leptons) require
unusually large values of Γγγ to explain the data.
2.2 An s-channel resonance coupled to b quarks and photons
We can now repeat the analysis for the case in which the resonance S is produced from bottom
quark annihilation. In the limit Γbb¯  Γγγ the signal is reproduced for
Γγγ
M
Γbb¯
M
≈ 1.9× 10−4 Γ
M
≈ 1.1× 10−5 , (9)
where, as before, the second equality follows from the further requirement Γ/M ≈ 0.06. In view
of the reduced bb¯ parton luminosity (compared to gg) the range of Γγγ and Γbb¯ suggested by
the signal rate are now larger, and closer to the claimed value of the total width. The predicted
pp→ bb¯ cross section is at most 0.1 pb, and therefore the search for resonances in bb¯ at Run 1
does not impose a significant constraint. The situation is illustrated in the right panel of fig. 1.
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Figure 2: Left panel: regions that fit, at 3σ confidence level, the γγ rate, peak position and
the large width (possibly suggested by ATLAS) assuming a resonance S that can decay into γγ,
gg and a third channel among those considered in the figure. The left boundaries of the allowed
regions in the diagonal band are the same for all channels, while the right boundaries differ
for the individual channels and are marked by the labels. All constraints in table 1 have been
taken into account. Decays into leptons or ZZ can fit data only if Γγγ is large, a possibility
disfavoured by run 1 data. Right panel: regions that fit the diphoton excess and that satisfy
all constraints assuming that S couples to a single parton ℘ with width Γ℘℘, to photons with
width Γγγ, and to Dark Matter such that the total width is Γ = 0.06M . We show contour-lines
of ΓDM/M and consider each parton ℘ = {g, u, d, s, c, b} in turn. Production dominated by uu¯,
dd¯ and especially γγ partons implies a poor compatibility between run 1 and run 2 γγ data.
2.3 Effective operators: spin 0
Assuming the (pseudo)scalar S is the lightest state involved in the γγ excess, the previously
considered decay widths can be described by an effective lagrangian involving the following
operators
g23S
(
G2µν
2Λg
+
GµνG˜
µν
2Λ˜g
)
+ e2S
(
F 2µν
2Λγ
+
FµνF˜
µν
2Λ˜γ
)
+ S
∑
ψ
ψ¯(yψS + iγ5y˜ψS)ψ, (10)
where ψ are the SM fermions and Gµν and Fµν are the gluon and photon field strengths and
F˜µν =
1
2
µναβF
αβ. To simplify the notation, we have included simultaneously the CP-even
and CP-odd couplings, but it should be understood that, unless CP is badly broken, only one
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coupling at a time is present. These operators give rise to
Γ(S → γγ) = piα2M
(
M2
Λ2γ
+
M2
Λ˜2γ
)
, (11a)
Γ(S → gg) = 8piα23M
(
M2
Λ2g
+
M2
Λ˜2g
)
, (11b)
Γ(S → ψψ¯) = NψM
8pi
(y2ψS + y˜
2
ψS) (11c)
where Nψ is the number of components of ψ (Nψ = 3 for a quark). Focusing on a CP-even
resonance, we obtain from eqs. (7) and (9) that the experimental signal is reproduced for
M
Λγ
M
Λg
≈ 0.14
√
Γ
M
≈ 0.037 or ybSM
Λγ
≈ 9
√
Γ
M
≈ 2 . (12)
This result is also shown in fig. 1, where the translation between the operator scales Λ and
the partial widths is given by the different axis labelling. For the gluon-induced process,
the “effective coupling strengths” M/Λγ and M/Λg can be less than 1 corresponding to Λ >
M = 750 GeV, although not much larger. On the other hand, in view of the reduced parton
luminosity, S produced through bb¯ pairs requires the effective couplings, M/Λγ and ybS to be
of order unity or larger.
The coupling of S to photons is not invariant under the SM gauge group. Since M is larger
than v = 174 GeV, it is more reasonable to assume electroweak gauge invariant operators in
eq. (10) [21]. Assuming S is an electroweak singlet, the leading SU(3)c ⊗ SU(2)L ⊗ U(1)Y -
invariant operators in a derivative and field expansion affecting S production and decay are
then
g23S
(
G2µν
2Λg
+
GµνG˜
µν
2Λ˜g
)
+ g22S
(
W 2µν
2ΛW
+
WµνW˜
µν
2Λ˜W
)
+ g21S
(
B2µν
2ΛB
+
BµνB˜
µν
2Λ˜B
)
+
+S
(
Hψ¯LψR
Λψ
+ h.c.
)
+ S
|DµH|2
ΛH
+ S
H†D2H + h.c.
ΛS
(13)
where H is the Higgs doublet, and the scale Λψ is in general complex (Λψ is real if S is a
scalar and pure imaginary if S is a pseudo-scalar). The operators in eq. (10) are obtained with
coefficients
1
Λγ
=
1
ΛB
+
1
ΛW
, yψS = v
Re Λψ
|Λψ|2 , y˜ψS = −v
Im Λψ
|Λψ|2 . (14)
Notice that we did not include the scalar potential interaction S|H|2. One is easily convinced
that, given S has a mass, by a redefinition of S such term can always be eliminated in favor of
the derivative interactions already shown in eq. (13). In the limit MW,Z,h M one can neglect
it and the small mixing between S and h, with angle tan 2θ =
√
2/λMhΛS/(M
2
S−M2h), finding
9
the S decay widths
Γ(S → Zγ) ≈ 2piα2M3
[(
tan θW
ΛB
− cot θW
ΛW
)2
+
(
tan θW
Λ˜B
− cot θW
Λ˜W
)2]
,
Γ(S → ZZ) ≈ piα2M3
[(
tan2 θW
ΛB
+
cot2 θW
ΛW
)2
+
(
tan2 θW
Λ˜B
+
cot2 θW
Λ˜W
)2]
+
M
128pi
(
M
ΛH
)2
,
Γ(S → W+W−) ≈ 2piα
2M
sin4 θW
(
M2
Λ2W
+
M2
Λ˜2W
)
+
M
64pi
(
M
ΛH
)2
,
Γ(S → hh) ≈ M
128pi
(
M
ΛH
)2
. (15)
The operators in eq. (13) give rise also to 3-body decays, like S → ggg or S → hbb¯. The
latter could be especially interesting for heavy S, since the 2-body decay is suppressed by
v2/Λ2b . However, for the range of parameters under consideration, these processes can be safely
neglected.
The SU(2)L-invariant operators give rise to the following signal ratios:
operator
Γ(S → Zγ)
Γ(S → γγ)
Γ(S → ZZ)
Γ(S → γγ)
Γ(S → WW )
Γ(S → γγ)
WW only 2/tan2 θW ≈ 7 1/tan4 θW ≈ 12 2/sin4 θW ≈ 40
BB only 2 tan2 θW ≈ 0.6 tan4 θW ≈ 0.08 0
(16)
We see that the decay to ZZ/WW can be suppressed if the hypercharge BB operators are
the main source of the decay of S to photons. Then the bounds from resonant weak gauge
boson production, shown in table 1, are easily satisfied. A model where the coupling of S to
gauge bosons is generated by the exchange of new matter fields that only possess hypercharge
quantum numbers will only feature SB2µν and realise this situation. On the other hand, the
ZZ,WW rates induced by SW 2µν exceed the bounds in table 1 by a factor of 2. In the presence
of both operators, the bounds are satisfied for −0.3 < ΛB/ΛW , Λ˜B/Λ˜W < 2.4. Fig. 3 shows the
predictions of a set of mediators, as described in the caption.
2.4 Effective operators: spin 2
Similar considerations hold if S has spin 2. Taking gravity as inspiration, we can couple a
tensor Sµν to the various components T
(p)
µν of the energy-momentum tensor:
Sµν
∑
p
T
(p)
µν
Λp
, (17)
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Figure 3: Predicted cross section into various final states in units of σ(pp→ S → γγ) compared
to the experimental bounds. The models that satisfy all bounds are: a loop of vector-like right-
handed up quarks U (blue dot-dashed), a loop of vector-like left-handed L weak doublets (blue)
or of any lepton with U(1)Y charges only (green), provided that a production mechanism is
found. The models that violate some bounds are: a loop of particles with SU(2)L charges only
(black), a loop of vector-like right-handed down quarks D, of vector-like left-handed quarks Q
(red dashed and magenta dotted), and a KK graviton (red dotted).
where T
(γ)
µν = FµαFνβg
αβ−gµνFαβFαβ/4 for a gauge boson and T (f)µν = (f¯γµ←→∂ νf)/2 for a Dirac
fermion f . The relevant decay rates are then
Γ(S → γγ) = M
3
80piΛ2γ
, Γ(S → gg) = M
3
10piΛ2g
, Γ(S → bb¯) = 3M
3
160piΛ2b
. (18)
Including the 2J + 1 factor from the 5 spin states, the signal rate is reproduced for
M
Λγ
M
Λg
≈ 0.04
√
Γ
M
≈ 0.01 or M
Λγ
M
Λb
≈ 1.2
√
Γ
M
≈ 0.3 . (19)
Notice that a spin 2 particle with these couplings does not decay into Zγ, unlike a spin 0
particle. In the future, by analysing the angular distributions of the excess diphoton events, it
will be possible to distinguish a spin-2 resonance from a scalar particle. A candidate for heavy
spin-2 resonances is the graviton in warped extra-dimensional models [22]. In this case all the
Λp coefficients would be equal: the resulting γγ, gg rates can reproduce the diphoton excess.
However, the universality of gravity interactions implies a peak in the dilepton spectrum with
a cross section equal to the one in two photons. There are no indications for a peak at 750 GeV
in Run 2 dilepton data, which imply the 95% confidence level bounds σ(pp → `+`−) < 5 fb
(ATLAS) and σ(pp → `+`−)<∼ 3 fb (CMS) [1]. Only with modifications of the minimal setup
one could fit the observations.
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3 Weakly coupled models
Here we describe how to obtain weakly coupled (renormalizable) models realising the scenario
discussed in the previous section via the Feynman diagram in fig. 4. The SM is extended
by adding one (or more) scalar singlets S, and extra vector-like fermions Qf (written in Dirac
notation) or scalars Q˜s with massMi, hypercharge Yi, chargeQi and in the colour representation
ri, with the couplings
SQ¯f (yf + i y5fγ5)Qf + SAsQ˜∗sQ˜s. (20)
As before, the use of the scalar or pseudo-scalar interaction depends on the CP nature of S.
This kind of structure is fairly generic in models that extend the SM sector around the weak
scale. One is easily convinced that our conclusions are not dramatically affected by allowing
also matter with SU(2)L quantum numbers. The case in which the scalar S is part of a SU(2)L
multiplet will be dealt with later and the model building constraints imposed by the large width
will be investigated in the next subsection.
Focusing on the CP-even couplings, we find that the fermion and scalar loops induce the
following widths [5]:
Γ(S → gg) = M α
2
3
2pi3
∣∣∣∣∣∑
f
Irf
√
τfyfS(τf ) +
∑
s
Irs
As
2M
F(τs)
∣∣∣∣∣
2
, (21a)
Γ(S → γγ) = M α
2
16pi3
∣∣∣∣∣∑
f
drfQ
2
f
√
τfyfS(τf ) +
∑
s
drsQ
2
s
As
2M
F(τs)
∣∣∣∣∣
2
, (21b)
where τi = 4M
2
i /M
2 and Ir and dr are the index and dimension of the colour representation r
(e.g. I3 = 1/2, I8 = 3), and
P(τ) = arctan2(1/√τ − 1) , S(τ) = 1 + (1− τ)P(τ) , F(τ) = τP(τ)− 1 . (22)
In the limit of heavy extra particles (τ →∞) we have P(τ) ≈ 1/τ , S(τ) ≈ 2/3τ , F(τ) ≈ 1/3τ
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Figure 5: Γ(S → γγ)/M and Γ(S → gg)/M as generated by loops of N coloured and/or charged
fermions and scalars. In the shaded regions the fermions are lighter than M/2 = 375 GeV. The
widths grow as the square of the couplings yf and y5f , which are taken here to be equal to 1.
Continuos (dashed) curves describe the effects produced by a scalar (pseudo-scalar) Yukawa
coupling; dotted curves describe the effect of a scalar cubic coupling As = M .
and we obtain, for the CP-even couplings,
Γ(S → gg)
M
≈ 7.2× 10−5
∣∣∣∣∣∑
f
Irfyf
M
2Mf
+
∑
s
Irs
AsM
16M2s
∣∣∣∣∣
2
, (23a)
Γ(S → γγ)
M
≈ 5.4× 10−8
∣∣∣∣∣∑
f
drfQ
2
fyf
M
2Mf
+
∑
s
drsQ
2
s
AsM
16M2s
∣∣∣∣∣
2
, (23b)
where we used α3(M/2) = 0.1. The effect of CP-odd interactions is obtained by replacing
yfS(τf )→ y5fP(τf ) in eq. (21) and yf → 3y5f/2 in eq. (23), and omitting the scalar contribu-
tion. Fig. 5 shows how various kinds of fermions contribute to the S → γγ, gg widths.
Let us first try to explain the γγ excess rate without reproducing, at the same time, the value
of the width suggested by ATLAS. In general, allowing for other decay channels than γγ and gg,
the partial widths will lie in the yellow region bounded by the blue and green bands in fig. 1a.
Γγγ is minimized when Γgg dominates the total width, corresponding to the lower portion of the
blue band and implying Γ(S → γγ)/M ≈ few × 10−6 and Γ(S → gg)/M ≈ few × 10−3–10−6.
For yf ∼ 1 and Mf ∼ TeV such widths can be easily achieved with new matter with order
one electric charges and conventional colour representations, as illustrated in fig. 5. Notice for
instance, that a single heavy quark triplet with charge Q gives Γ(S → gg)/Γ(S → γγ) ≈ 36/Q4,
which ranges between ≈ 2 and ≈ 3000 for 2 ≥ Q ≥ 1/3. Any ratio of Γ(S → gg)/Γ(S →
γγ) can be obtained by including the appropriate content of heavy leptons and quarks with
different masses. But notice that in order to reproduce Γ(S → γγ)/M > 10−6 using fermions
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of small charge, say Q = 1/3, a large number of multiplets or a large yf is needed, dangerously
approaching non-perturbative dynamics, as we shall discuss below.
The masses of the required fermions can be comfortably above present bounds, depending
on their representation under the SM group [23]. Coloured resonances with large electric charge
Q ≥ 5/3 are strongly constrained by same-sign dilepton searches and the lower limit on their
mass is of order 1 TeV, depending on Q [24, 25]. However, as the contribution to Γ(S → γγ)/M
scales like Q4, such states can easily be the dominant source of coupling compatibly with their
experimental bounds. For instance, one vectorlike quark with charge Q = 5/3 and mass Mf = 1
TeV gives Γ(S → γγ)/M ∼ 10−6y2f and Γ(S → gg)/M ∼ 5 × 10−6y2f . On the other hand for
heavy quarks and leptons with conventional charges, the compatibility with experimental data
depends on their decay modes. We estimate that stable charged leptons must be heavier than
0.4 TeV in order to avoid excessive Drell-Yan production [26, 27]: thereby they cannot be
lighter than M/2. An exception is a vector-like lepton that fills a quasi-degenerate multiplet
of SU(2)L with a neutral component (which could be the dark matter) as lightest state. The
charged leptons decay into the neutral states emitting soft particles: such compressed spectra
are only subject to LEP bounds [28] of about 100 GeV. Bounds on quasi-stable charged coloured
particles are nontrivial to interpret. Existing searches rely on modelling of hadronization and
nuclear and electromagnetic interactions within the detector, which depend a lot on the colour
and charge assignments of the states. The search strategy and resulting constraints also depend
crucially on the lifetime of the states. Typical bounds range from a few hundred GeV to a TeV.1
3.1 Reproducing the total width: tree-level decays
As shown in the previous section, it is fairly easy for weakly-coupled new physics to reproduce
the values of Γ(S → γγ, gg) required to explain the diphoton rate. However, the total width,
generated by the one-loop processes alone, is much too small to fit the value preferred by
ATLAS (green band in fig. 1a). In this section we will explore the possibility of explaining the
large width with tree-level decays.
Given a trilinear coupling y, the two-body decay width is roughly Γ/M ∼ y2/8pi; so the
relatively large total width Γ/M ≈ 0.06 can be reproduced through a tree-level decay if the
relevant coupling y is of order one. Reproducing the total width forces us into different model
building directions depending on whether or not S is a SU(2)L singlet.
3.1.1 S as a SU(2)L singlet
The simplest option is to have S decay to a pair χχ of invisible new fermions or scalars.
As discussed in section 5, for a suitably tuned mass 2Mχ ' M , the new states would even
possess the correct relic abundance to explain dark matter, and all that while remaining in
1Currently, the only existing searches of this kind are for stableR-hadrons in supersymmetric models. Gluinos
for example are excluded up to Mg˜ > 1.2 TeV if they decay outside the detector, while stops are excluded up to
mt˜ > 0.9 TeV [26, 29]. If instead coloured particles are stopped within the detector and then decay, the bounds
are weaker: mg˜ > 0.9 TeV for gluinos, mt˜ > 0.5 TeV for stops and mb˜ > 0.4 TeV for sbottoms, with certain
assumptions on the dominant decay modes and for lifetimes 1µs < τ < 1 ks [30, 31].
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Figure 6: Tree-level diagrams coupling reproducing the effective coupling between S and the SM
fermions ψ as described in eq. (24).
the weakly coupled domain. On the other hand, the constraints from the corresponding final
states displayed in Table 1, place a rather strong lower bound on the width into photons
Γ(S → γγ)/M > 2 × 10−4. By considering eq. (23b) one finds that more extreme parameters
are now needed. For instance, sticking to the case of Nf quarks with Q = 5/3 and Mf = 1 TeV
one finds the constraint Nfyf ∼> 10.
In the absence of new light states, the large width must be accounted for by SM final states.
The only renormalizable tree-level decay into SM particles is into hh and V V mediated by
the S|H|2 operator of eq. (13) (decays into Dark-Matter are discussed in section 5). Again
Γ/M ≈ 0.06 is reproduced for a reasonable value ΛS/M ≈ 1.2 of the effective trilinear coupling
constant, well within the perturbative domain. However, the constraints from the corresponding
final states in Table 1, imply the even stronger bound Γ(S → γγ)/M > 2 × 10−3. The
parameters needed in eq. (23b) are then accordingly more extreme and less plausible. For
instance, sticking to Q = 5/3 and Mf = 1 TeV, one now needs Nfyf ∼> 30. The final remaining
option is the decay to SM fermions which is mediated by dimension 5 effective operators, see
eq. (13). As shown in fig. 6, these can be generated either by mixing the SM fermions with
heavy vectorlike counterparts or via the exchange of a heavy scalar doublet H ′. The effective
Yukawa coupling is given in the two cases by
y ≡ v
Λψ
=
{
y1y2v/Mf (quark mixing)
y′Λ′v/M2H′ (scalar mixing)
. (24)
Γ/M ≈ 0.06 implies y ≈ 1 for the decay into a quark. We thus have two basic options: either
the new states are below a few hundred GeV, where their production and decay must be hidden
by some clever model building, or, if they are at a TeV or above, at least one of the trilinears
y1, y2, y
′ or Λ′/M must be substantially larger than one, say ∼ 3÷ 4. This second option would
push us in the strongly coupled domain. Since the required coupling to fermions is anyway
substantial, naturalness suggests that the third quark family dominates this final state. Table
1 shows a constraint comparable to the case of an invisible final state: Γ(S → γγ)/M > 2×10−4.
RGE running and Landau poles
From the above discussion, it appears that an invisible final state offers the most favorable
option to remain within the weakly coupled domain. Nonetheless, the absence of the corre-
sponding signal in the data, requires Γ(S → γγ)/M > 2×10−4 which in turn seems to force the
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Figure 7: Contour plot of the scale ΛCUT where a model with a scalar S coupled to Nf fermions
Qf of mass Mf in the color representation df , becomes non-perturbative. Upper plots assume
Γ/M = 0.06 and display the effect of fermions in the fundamental (left) and adjoint (right)
color representation. Shaded bands correspond to the constraints from pp → S → invisible
(pp → S → jj) assuming the width is reproduced by invisible decays (light) or decays into
jets (dark) and to constraints from the EW Y-parameter (dark). The coupling that becomes
non-perturbative is g3 for large Nf , g
′ for large Y , and the Yukawa for small NfY 2. Lower-left:
smaller width Γ/M = 0.01. Lower-right: S couples to Nl light colourless fermions and gives a
partial width compatible with data if the total width is accounted for by invisible decays.
couplings and quantum numbers of the underlying new states to the boundary of the weakly
coupled domain. It is worth investigating the issue more quantitatively by considering the
Renormalization Group evolution of the couplings above the weak scale (see also [32]). We are
going to focus on specific examples, but that will be sufficient to draw general lessons. Con-
sider first the perturbative model of section 3, with Nf fermions in the same SU(3)c irreducible
representation f , with hypercharge Y and mass Mf & 750 GeV and universal Yukawa coupling
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yf to S. The Renormalization Group Equations (RGEs) for Yukawas and gauge couplings in
this model read
16pi2
dyf
dt
= (2Nfdf + 3)y
3
f − 6Cfg23yf − 6g′2Y 2yf , (25)
16pi2
dg3
dt
=
(
4NfIf
3
− 7
)
g33 , (26)
16pi2
dg′
dt
=
(
41
6
+
4
3
Y 2Nfdf
)
g′ 3 , (27)
where df , Cf and If are respectively the dimension, Casimir and index of the irreducible colour
representation, satisfying Cfdf = 8If , and t = ln(µ/M). The observed rate and the lower
bound on Γ(S → γγ)/M give respectively two constraints
y2fIfdfN
2
fY
2 ' 58
τfS(τf )2
√
Γ/M
0.06
, yfdfNfY
2 & 35√
τfS(τf )
√
Γ/M
0.06
, (28)
for the quantum numbers and the Yukawa coupling renormalized at the scale M . Here we
considered a scalar S with τf = 4M
2
f /M
2 and S(τf ) defined before (for a pseudo-scalar see
below eq. (23b)). Fixing yf with the first of eq. (28), the second equation as well as the demand
of perturbativity from the RG equations can be conveniently represented as constraints in the
(N ′f , Y ) plane, with N
′
f ≡ Nfdf the total number of degrees of freedom. In the upper-left panel
of fig. 7 we present the results for the simplest case where f is a colour triplet (df = 3), showing
that in the bulk of parameter space the UV cut-off is below a few TeV. Notice in particular
that the second eq. (28) can be written as a lower bound on Y/
√
Cf (light-shaded region in the
plots). Starting from this case one can see how things scale for a general colour representations
df . By inspecting the RG equation and using eq. (28) to solve for yf , the constraints from the
absence of Landau poles have the form2
N ′fY
2Cf &
6 tCUT√
τfS(τf )
√
Γ/M
0.06
(Yukawa) ,
N ′fCf .
24pi
αs tCUT
+ 42 (strong coupling) ,
N ′fY
2 . 3pi
α tCUT
− 5 (hypercharge coupling)
(29)
with tCUT = ln(ΛCUT/M) and ΛCUT the scale where the couplings become non-perturbative.
Considering that Γ(S → γγ)/M places a lower bound on Y/√Cf , we see that by increasing
the Casimir Cf all bounds, besides the one from the Yukawa RG, are either unaffected or made
stronger. The end result is that for representations with larger Cf the cut-off can be extended
to several TeVs, in the region with large Y and small N ′f , as clarified by the comparison of the
2These expressions assume that the couplings are perturbative at the scale M and the bound on the Yukawa
neglects the effect of gauge couplings on the Yukawa RG: a good approximation in the region where the relative
bound dominates.
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upper plots of fig. 7, which show the cases Cf = 4/3 (df = 3) and Cf = 3 (df = 8). Notice
however that, for large df , the second constraint in eq. (28) becomes stronger.
Furthermore, the extra fermions affect electroweak precision observables contributing to the
Y -parameter as N ′fY
2αYM
2
W/15piM
2
f , which is experimentally constrained to be smaller than
about 10−3 [33] (a future e−e+ collider can significantly improve on this). Direct constraints
from pp→ S → invisible (pp→ S → jj) also provide bounds on the hypercharge Y , if one uses
the right-hand-side of eq. (28) to solve for yf and assumes the width is reproduced by invisible
decays (or decays into jets). Finally, very large values of the hypercharge give too large a Γγγ,
in conflict with eq. (8).
The problem of these simplest models is that coloured fermions must have a mass ∼> TeV,
with the consequent need of sizeable Yukawa to reproduce the rates. This constraint can be
relaxed by considering a model where the coupling to photons is dominantly generated by
massive leptons, whose mass, compatibly with LHC observations, could be as light as 300 GeV.
From the perspective of a simple theory of EWSB this seems like a more ad hoc option, but
it may be well motivated when trying to account for dark matter. The pertrubativity range
of a model with Nf massive leptons with hypercharge Y is shown in the lower-right panel of
fig. 7, having fixed Γ(S → γγ)/M = 2 × 10−4. Notice that in this figure only the Yukawa
and hypercharge RG play a role, as the RGE for g3 is not affected, and the coupling to gluons
can be taken care by quarks in the TeV range without major constraints. For NfY
2 ' 20 the
cut-off can be pushed up to 104 TeV or more, although in the bulk of the parameter space the
cut off is again below 100 TeV.
3.1.2 S in an SU(2)L doublet
An interesting possibility is to consider S as a neutral component of a second Higgs doublet H ′
instead of the singlet that we have considered so far. We have in mind an inert doublet whose
scalar potential respects an accidental Z2 symmetry under which H
′ is odd. The discrete
symmetry is explicitly broken only by Yukawa interactions and guarantees the smallness of
〈H ′〉 = v′ = v/ tan β. The decay width into ψ = t, b is
Γ(S → ψψ¯)
M
' 3
16pi
y′2ψ , (30)
where y′t and y
′
b are the new Yukawa couplings, which are not related to quark masses. The
required total width is obtained for y′t or y
′
b ∼ 1. If y′b is of order one, the H ′ contribution to
the bottom mass is naturally small, as long as tan β >∼ y′b/yb ≈ 50. Then the decay widths into
massive SM vectors are safely small, as they are suppressed by v′2:
Γ(S → W+W−)
M
' 2 Γ(S → ZZ)
M
' (g
2
2 + g
2
1)
2v2
32piM2 tan2 β
≈ 6× 10
−5
tan2 β
. (31)
However the decay width into photons (and gluons) induced by SM fermion loops is also small,
Γ(S → γγ)
M
≈ y
′2
t m
2
t
(4pi)5M2
. (32)
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Indeed, while the dimension-5 effective operators in eq. (10) is electroweak gauge invariant for
a scalar singlet S, a scalar doublet H ′ must instead be contracted with the ordinary Higgs
doublet, leading to a dimension-6 operator. The result is still given by eqs. (21), where the
extra suppression is encoded in the fermion mass and explains the additional suppression factor
m2t/M
2 ≈ 0.05 in eq. (32). In order to achieve the required partial width into photons, one needs
interactions between H ′ and extra fermions with multiplicities and electric charges even larger
than for the singlet, incurring in problems that are even more severe (w.r.t. RGE evolution
and EWPT constraints) than the ones described above.
3.2 Reproducing the total ‘width’: multiple states
The difficulties in producing a large total width in weakly-coupled theories prompt us to look
for alternative routes to explain the ATLAS observations. Given that present data are not
accurate enough to tell if the excess at 750 GeV has a Breit-Wigner shape, we can speculate
that the spread observed by ATLAS is not due to a width but to two or more almost overlapping
narrow resonances with comparable masses around M ≈ 750 GeV and mass differences of the
order of the measured width. The previous phenomenological analyses are easily adapted, by
reinterpreting all Γ as sums over the resonances, and by ignoring the constraint on the total
width Γ/M . Then, the values of Γ(S → γγ, gg) needed to reproduce the signal rate can be
obtained through loops of fermions or scalars, without invoking large charges or multiplicities,
and without creating any conflict with the pp→ jj bound (see fig. 1a).
The new model-building issue is to justify the quasi-degeneracy of the multiple states form-
ing the observed resonance.
If the resonance is interpreted as a new Higgs doublet (or, in more generality, as a scalar
weak multiplet), the near mass degeneracy is actually an automatic feature of the theory. The
scalar and pseudo-scalar components of the heavy neutral Higgs are split only by electroweak
effects. For example the Z2-invariant quartic interaction λ[(H
†H ′)2 + h.c.]/2 gives a mass
splitting ∆M = λv2/M = λ (750 GeV/M) 40 GeV, which is of the correct size for λ of order
unity. In the Minimal Supersymmetric SM the mass splitting is ∆M ' 1
2
M2Z sin
2 2β, which is
smaller than 6 GeV and suppressed at large tan β. The charged components of H ′ can decay
into Wγ and WZ but cannot be singly produced through gg partons. Production through ud¯
partons is possible, if H ′ couples to light generations. Furthermore, scalars with electroweak
interactions and 750 GeV mass can also be pair produced, with a cross section σ ∼ 0.2 fb. Given
that it is no longer necessary to have a large width, the difficulties encountered in section 3.1
disappear. Acceptable values of the decay widths in γγ and gg can be reproduced by moderate
couplings of H ′ to extra matter with reasonable charges and masses larger than M/2.
If the resonances S are singlets under SU(2)L, a similar scheme can be applied. However,
in this case having mass differences of the order of the apparent width is not an automatic
feature and could require a certain degree of coincidence. The quasi-degeneracy of multiple
states could be justified by introducing extra symmetries, softly broken, for example, by the
masses of the fermions Q.
If the diphoton excess persists when more data is collected at the LHC, experiments will
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Figure 8: Compilation of values of Γ/M for bosonic neutral resonances produced by QCD
interactions.
have the energy resolution needed to distinguish a genuine large width from the multiple-state
solution through a more accurate determination of the shape of the peak [34].
4 Strongly coupled models
As discussed in detail in the previous section, a relatively large width Γ/M ≈ 0.06, combined
with constraints from the rates in the various channels, would severely limit the weakly coupled
options. If one demands a weakly coupled description up to above 10 TeV, one has basically
two options: in one the width is dominated by an invisible channel and light leptons at the
threshold of discovery are responsible for the sizable coupling to photons (fig. 7, lower-right
panel), in the other the width is mimicked by the presence of one or more nearby resonances.
It makes sense to investigate in more detail how well the properties of the new resonance fit
scenarios with a novel strong dynamics around the weak scale (fig. 8 shows for the sole purpose
of illustration, with no deep meaning attached, a compilation of the Γ/M values of the bosonic
neutral resonances produced by QCD interactions). We shall explore various incarnations of
the scalar S as a composite state of the new dynamics. Two broad scenarios can be imagined.
• S is a component of an extended sector, explaining the naturalness of the electroweak
scale and producing the Higgs doublet as a composite state.
• S belongs to a sector that is not directly responsible for electroweak symmetry breaking.
This can be realised in explicit simple models with extra vector-like fermions, described
by a QCD-like fundamental Lagrangian. The electroweak scale could be linked to the
new strong interactions in a more subtle way as in [35] or [36] or because of dark matter.
A particularly motivated option is that S is a light Pseudo-Nambu-Goldstone Boson (PNGB)
from the spontaneous breakdown of an internal global symmetry. Another perhaps more exotic
option is that S is a pseudo-dilaton from the spontaneous breakdown of approximate scale
invariance. In addition one should also entertain the possibility of composite states that appear
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around the confinement scale, analogous to charmonium in QCD. If the new sector contains new
coloured states, as most likely required to produce S from gluon fusion, coloured resonances
are expected around the same scale as S which could produce observable experimental signals.
4.1 Scalars and pseudo-scalars in strongly-coupled models
Strongly-coupled models at the TeV scale are mainly motivated by the hierarchy problem,
which is solved by assuming that the Higgs is a composite state. To account for the hierarchy,
the simplest picture is that above the weak scale the new dynamics flows to a fixed point,
which can be either free, like in QCD, or interacting. The second option seems more likely to
be the case in view of the need for operators with sizeable anomalous dimensions in order to
account for flavour, through partial compositeness. Partial compositeness may be dispensed
with for the light generations, but seems unavoidable to account for the sizeable top Yukawa.
One remarkable consequence of partial compositeness is that the new strong dynamics must
necessarily involve states charged under all of the SM gauge group factors: the coupling of
resonances to both gluons and photons is thus an unavoidable consequence of a plausible flavour
structure. It should be emphasised that minimal technicolour does not imply couplings to
gluons.
To get the simplest and roughest idea of the dynamics from the new sector, one can imagine
it to be broadly described by two parameters [37]: an overall mass scale m∗ and a coupling
g∗. For instance in large N gauge theories, m∗ coincides with the hadron mass scale and g∗ ∼
4pi/
√
N with the coupling among mesons, or the topological expansion parameter. The same
simple structure appears in holographic realisations of strongly-coupled theories where the two
parameters are simply given by the KK mass and coupling. In all cases N ∼ (4pi/g∗)2 roughly
counts the number of degrees of freedom in the new dynamics. This perhaps oversimplified
picture will be the basis of our discussion.
The lightness of the Higgs boson with respect to the strong scale m∗ ∼ TeV is more naturally
explained if it emerges as a PNGB from the spontaneous breakdown of a global symmetry
G→ H. It is however often the case that extra PNGB scalars accompany the Higgs [38], with
their quantum numbers fixed by group theory. For example, in composite Higgs models based
on the coset SO(6)/ SO(5) [39], one obtains an extra singlet PNGB. Similarly to the Higgs
multiplet, these extra PNGB acquire a mass from the explicit breaking of G.
Two cases for the breaking can be envisaged: either the breaking comes from external
sources (normally associated with the SM fields), or it originates from the strong dynamics
itself as we explain below. In the first case the most generic expectation is that the PNGB
mass is dominated, as for the Higgs, by quantum corrections associated with the top quark
Yukawa coupling. In the absence of tuning, we thus expect
mPNGB ∼ mh × f
v
∼ yt
4pi
m∗ , (33)
where f is the Higgs decay constant, which is parametrically related to the mass scale by
m∗ ' g∗f = 4pif/
√
N . The absence of observable deviations from the SM in both Higgs
couplings and electroweak data suggests f  v. Overall f ∼> 3v seems like a fair lower bound
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to meet to those constraints, while a larger separation of scales seems less plausible as v2/f 2
is a good measure of fine tuning. In view of all that, 750 GeV fits the mass of a new PNGB
dominated by top loops for v2/f 2 ∼ 0.03, a slightly worse tuning than normally required by
precision physics.
Let us consider now the second option. One can easily think of two basic examples. The first
is given by the analogue of the η′ in QCD like theories at large Nc: the anomaly, which explicitly
breaks the associated U(1)A, is a subleading effect in the 1/Nc expansion. Consequently the
mass of the PNGB is [40]
mPNGB ∼
√
Nf
Nc
m∗ , (34)
where Nf is the number of flavours. A second example arises in a 5-dimensional model and
consists of a Wilson line W =
∮
A5 associated with a 5-dimensional U(1) gauge field, AM ,
M = (µ, 5), whose mass vanishes at tree level and generally arises at the one-loop level from
the Aharonov-Bohm effect. The resulting mass, according to our identification of parameters,
would scale like
mPNGB ∼ g∗
4pi
m∗ . (35)
This could easily appear in holographic realisations of the composite Higgs. In that case the
SM gauge fields AaM also propagate in the fifth-dimension. A 5D Chern-Simons term could
then couple the U(1) gauge field AM to the SM bulk gauge fields
MNRSTAMF
a
NRF
a
ST . (36)
After compactification this would give rise to a pseudoscalar coupling between the Wilson line
scalar W and the 4D SM gauge fields, photons and gluons in particular. Notice, as a structural
remark, that by interpreting g∗ ∼ 4pi/
√
Nc, eq. (34) and eq. (35) coincide for Nf ∼ O(1), which
is nice and reassuring. One should however remark that when Nf ∼ Nc there is no parametric
suppression for the η′ mass. Now, if the theory underlying electroweak breaking is a gauge
theory in the conformal window, one would expect Nf ∼ Nc. If that is the case, one would then
have to imagine some more clever mechanism to explain the mild separation of scales between
the PNGB and the heavier resonances. It is perhaps an interesting question of model building
how to implement the analogue of the η′ in large N theories sitting near a strongly coupled
fixed point above the hadron mass scale.
In any case, in composite Higgs models we have at least two options to produce PNGB
scalars whose masses are in the range mh  mPNGB  m∗, and given by eqs. (33)–(35).
It is amusing to remark that there exist several independent indications that g∗ should be
smaller than its maximum allowed value ∼ 4pi. First, the need for a rich operator structure
to accommodate flavour suggests the number of degrees of freedom should be large (N  1).
Also the observed value of the Higgs mass is naturally obtained in composite Higgs models for
g∗ ∼ 2− 4 [41]. Finally, the slight excess in di-bosons at around 2 TeV in LHC Run 1 can be
explained as the production of vector resonances again provided g∗ ∼ 3 (one must however be
aware that no corresponding excess is observed at run2, even though the integrated luminosity
is not yet sufficient to deem the run1 excess a fluctuation). All these facts set the stage for the
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existence of a scalar whose mass, if controlled by eqs. (33)–(35), is naturally below the trove of
heavier resonances.
Finally, and partly mentioned above, an important feature of composite Higgs models is the
idea of partial compositeness. This assumes that SM fermions f iL,R couple linearly to operators
of the strong sector, according to
Lmix = 
i
Lf¯
i
LΨ
i
R + 
i
Rf¯
i
RΨ
i
L ≡ iLOiL + iROiR . (37)
ΨiL,R are composite operators of dimension
3
2
< diL,R ≤ 52 , while i parametrize their mixing
with the SM fermions. As already mentioned, a first important implication of such structure is
that the strong sector must contain states that are charged under all the SM gauge interactions.
Secondly, the above mixing leads to a SM Yukawa structure given by
yijSM ∼ iLjRg∗ . (38)
This also determines the coupling the SM fermions with any state of the strong sector, our
light scalar in particular. For example in the SO(6)/ SO(5) model [39], the singlet PNGB (the
η state) couples to fermions as
gηff ∼ mf
f
cot θ , (39)
where the angle θ depends on the embedding of the SM singlets in the 6 of SO(6).
In what follows we shall consider in turn the two options where S is either a scalar or
a pseudo-scalar. The absence of new physics in CP violation, in particular electric dipole
moments, makes it rather plausible that the strong sector respects CP to a good degree. Because
of this, our classification in terms of scalar and pseudo-scalar seems well motivated.
4.1.1 Scalar resonances
Consider first the case of a scalar resonance. Notice that if S is a PNGB of an internal
symmetry, that very same symmetry will protect both its mass (mS  m∗) and its couplings
to gluons and photons. Indeed, as S is colour and charge neutral, the spontaneously broken
global symmetry generator associated with S must commute with SU(3)c⊗ U(1)em. Therefore
the gauging of colour and electric charge does not disrupt the Goldstone nature of S. Under
these circumstances the coupling to gluons and photons will feature an additional suppression,
given respectively by y2t /g
2
∗ and g
2
∗/16pi
2 for the cases discussed in eq. (33) and eq. (35). The
same suppression for the case of the PNG Higgs was discussed in ref. [37]. On the other hand, if
S is the dilaton associated with scale invariance (a space-time symmetry) the above conclusion
does not apply. We shall devote a specific subsection to the case of the dilaton, just in view of
its peculiarity and popularity. In this section we shall instead consider the situation where S
is an ordinary scalar resonance which happens to be accidentally lighter than the others. The
effective Lagrangian of eq. (13) is conveniently written as
LS = − 1
16pi2
S
f
[
bG g
2
3GµνG
µν + bW g
2
2WµνW
µν + bB g
2
1BµνB
µν
]
+
+cH
S
f
|DµH|2 + cSm2h
S
f
|H|2 + cfyf S
f
Hf¯LfR + h.c. . (40)
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According to standard power counting [37], the coefficients cH , cS and cf are expected to be
∼ 1, while the b’s are expected to be ∼ (4pi/g∗)2 ∼ N , where N roughly counts the number
of microscopic degrees of freedom. It is interesting to match the above effective lagrangian to
that obtained by integrating out NF heavy fermion multiplets with mass MQ, transforming in
a representation (d3, d2)Y under SU(3)c ⊗ SU(2) ⊗ U(1)Y and coupled to S with Yukawa y
according to eq. (20). One would find
bG
f
≡ 2
3
NFd2I3
y
MQ
bW
f
≡ 2
3
NFd3I2
y
MQ
bY
f
≡ 2
3
NFd3d2Y
2 y
MQ
(41)
where (d2, I2) and (d3, I3) are dimension and index of the representation under respectively
SU(2)L and SU(3)c. This weak coupling result nicely matches the strong coupling power
counting by identifying f ≡ m∗/g∗ with MQ/y and (4pi/g∗)2 with NF . In other words, the
computations of section 3 carry over as rough estimates to the strongly coupled scenario. But
rough estimates are more than suitable at the level of our analysis.
As long as the b’s are not too large, i.e. bi < (4pi/αi), the decay of S will be dominated by
either ct or by cH . Assuming dominance of each term in turn, we find
ct ≈ 3.5
(
f
M
)√
Γ
45 GeV
for Γ ≈ Γ(S → t¯t)
cH ≈ 2.5
(
f
M
)√
Γ
45 GeV
for Γ ≈ Γ(S → W+W−, ZZ, hh)
. (42)
From table 1, we can read that in the former case the γγ rate is reproduced for Γγγ/M & 2×10−4.
In the latter case, on the other hand, the constraints are dominated by the ZZ final state which
contributes only to 25% of the width and imposes Γγγ/M & 2.5× 10−3: a result that is already
on the boundary of conflict with the upper limit on production from γγ, eq. (8). These can be
written using the notation of eq. (40) as
bB + bW &
{
80 (f/M)
√
Γ/45 GeV for Γ ≈ Γ(S → t¯t)
285 (f/M)
√
Γ/45 GeV for Γ ≈ Γ(S → W+W−, ZZ, hh) . (43)
Finally, we can write the requirement on σ(pp → S → γγ), eq. (7), as a relation between the
coefficients
(bB + bW )bG ≈ 230
(
f
M
)2√
Γ
45 GeV
. (44)
which leads to
bG .
{
2.8 (f/M) for Γ ≈ Γ(S → t¯t)
0.8 (f/M) for Γ ≈ Γ(S → W+W−, ZZ, hh) . (45)
We can now comment on the two options. Consider first the case where Γ(S → V V, hh)
dominates. On one hand, the correct width is reproduced for a rather reasonable value of cH
(notice indeed that cH = 2 is the prediction when S is interpreted as the radial mode of the
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SO(5)/ SO(4) σ-model). On the other hand, the required values of both bG and (bB + bW )
appear rather extreme and difficult to reconcile with one another, beside being in tension with
the upper bound eq. (8).
In the case where ct dominates the width, the situation is partially reversed. For f ≈ M ,
corresponding to a reasonable v2/f 2 ∼ 0.1, we find ct ≈ 3.5, which is somewhat on the large side,
with respect to what suggested by model building practice. However in this case the values of
bG and (bB+bW ) are more consistent. For instance, making the rough estimate bG = 2NFd2I3/3
and so on (in the obvious way) in eq. (41), we would obtain the needed coefficients by considering
NF = 4 fermions in the (3, 2)2 of the SM group, which is quite reasonable. Moreover the needed
value of ct would become more reasonable for a smaller width: for instance Γ = 10 GeV would
imply c5 ' 1.5. Needless to say, the presence of extra light neutral states leading to a dominant
invisible width would also help making the numbers more reasonable.
As a final remark notice that, in view of the rather large value of bW + bB, one generically
expects a similar enhancement factor in the coupling of the Higgs to photons. Such enhancement
would partially compensate for the suppression (y2t /g
2
∗)(v
2/f 2) due to the Goldstone nature of
the Higgs, though it may not necessarily require extra tuning in view of the present bounds on
deviation from the SM in hγγ.
4.1.2 Pseudo-scalar PNGB
If the putative 750 GeV resonance is a pseudoscalar PNGB, then its coupling to photons
and gluons can be generated through the anomalous breaking of the corresponding symmetry
without featuring extra suppressions. That is the situation one encounters with the η′ in QCD.
Similarly, in holographic models the coupling could come from the 5-dimensional Chern-Simons
term. In the low energy effective lagrangian the coupling to photons and gluons would arise
from a Wess-Zumino term. The simplest option is that S is associated with a U(1)A factor in
the global symmetry group 3. The leading terms in the effective lagrangian will be
LP = − 1
16pi2
S
f
[
cG g
2
3GµνG˜
µν + cW g
2
2WµνW˜
µν + cB g
2
1BµνB˜
µν
]
+ ic˜fyf
S
f
Hf¯LfR + h.c. . (46)
As for the scalar, we expect c˜f ∼ 1 while the anomaly coefficients cG,W,B can be parametrically
large in a theory with a large number of degrees of freedom. Indeed when matching to a weakly
coupled case, the coupling c’s to vectors satisfy an analogue of eq. (41) with 2/3→ 1. All the
results from the previous subsection apply, with the obvious substitution bG,W,B → cG,W,B and
with the interesting fact that now cH = 0 due to the CP properties of S. Therefore, in the
absence of additional light degrees of freedom, S is expected to decay into tt¯, with the same
conclusions of the previous section as concerns the plausibility of the needed parameters.
As we already mentioned, for a CP-odd S, Bose symmetry and SU(2)L forbid its two body
decay into the Higgs doublet states (hh, and WLWL/ZLZL according to the equivalence theo-
rem). Further assuming that the strong sector respects an SO(4) global symmetry under which
3It is interesting to contemplate the case where both S and the Higgs live in the coset G/H of a simple
group G. Since GSM ⊂ H, the simplest option allowing for a Wess-Zumino term seems SU(11)/ SO(11).
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the Higgs transform as a 4 (a custodial symmetry to avoid large effects on the T parameter),
the first allowed term coupling S to the Higgs is
S
f 5
µνρσIJKLDµhIDνhJDρhKDσhL , (47)
where I, J, ... label the indices under the SO(4). This coupling leads to the strong dynamics
decay S → W+W−Zh, which seems unfortunately too small to be seen in the near future.
4.1.3 The special case of a dilaton
A special instance of a light composite scalar could be provided by the dilaton. The case of
a light dilaton seems less theoretically robust than the case of a light scalar from an internal
symmetry. For instance in large N gauge theories one could consider trying to extend the
Veneziano-Witten argument for the axial anomaly to the anomaly of the scale current. As
the latter has a gluon contribution, its effects are not suppressed in the 1/N expansion, and
therefore there is no parametric reason to expect a light scalar. The difficulties in obtaining a
naturally light dilaton have been outlined in [42]. Nevertheless, as it was shown in [43], under
rather special conditions it is possible to have in the spectrum a naturally light pseudo-dilaton
with mass mD  m∗. The minimal Goldberger-Wise stabilisation mechanism [44] within the
Randall-Sundrum (RS) model [22] is an instance of that. This opens the possibility to consider
the dilaton as the 750 GeV resonance. The interactions of the dilaton to the SM fields are
rather constrained, depending on whether the SM fields are composite or not. In what follows
we will describe the effective Lagrangian for the dilaton relevant for describing its production
and decay.
Let us consider first the conceptually simplest, though least plausible, situation where all of
the SM descends from the CFT and thus respects conformal invariance up to the small effects
of order O(D) that parametrize the explicit breakdown of scale invariance. The original RS
scenario is a holographic realization of that. The Lagrangian is easily written by embedding
the dilaton Ω ≡ eS/fD inside the metric gµν = Ω2ηµν , and then writing the most general diffeo-
morphism invariant action. At the two derivative level, focussing on the dilaton+Higgs+top
sectors we have
LΩ = −1
2
f 2Dm
2
D(Ω− 1)2 +
√−g
[
f 2D
12
R(g) + |DµHˆ|2 + ξR(g)|Hˆ|2 + (48)
+i
¯ˆ
Ψ6DΨˆ− (yt ¯ˆΨLHˆΨˆR + h.c.)− V (|Hˆ|2)
]
,
where the first term represents the leading explicit breaking of scale invariance: m2D ≡ Dm2∗ 
m2∗. We have neglected all corrections of order D in the couplings to Higgs and top. The
parameter ξ is allowed by conformal invariance, but breaks any shift symmetry protecting
the Higgs potential. Therefore in models of PNGB Higgs ξ is expected to arise at the loop
level (dominated by top loops) and can be neglected. Now, by rescaling the fields HˆΩ ≡ H,
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ΨˆΩ3/2 ≡ Ψ, eq. (48) can be written as
LΩ =
f 2D
2
[
(∂µΩ)
2 −m2D(Ω− 1)2
]
+ κΩ−1Ω|H|2 + |DµH|2 +
+iΨ¯6DΨ− (ytΨ¯LHΨR + h.c.)− Ω4V (|H/Ω|2) , (49)
where κ = 1 − 6ξ. Notice that, aside from the terms in the Higgs potential (quantitatively
negligible for our purposes), the couplings of the dilaton are all controlled by κ, which in the
particular case of a PNGB Higgs is expected to be ' 1. Now, it is easy to check that by
the further field redefinition H → H/(1 − κS/fD), and by neglecting terms that are at least
quadratic in S, we obtain the effective Lagrangian for the leading 1-dilaton vertices
L1 =
S
fD
[
2κ|DµH|2 − κ(ytΨ¯LHΨR + h.c.)
]
. (50)
Here we have neglected the effects of the Higgs potential: one can be easily convinced that the
potential gives effects of relative size m2h/m
2
D as compared to the first term above.
Let us now consider possible departures from the above scenario. For example, let us
consider the case in which the top and the SM gauge sector do not arise from the CFT, but are
external fields coupled to it. A plausible situation in this case is to assume that the top Yukawa
arises from the mechanism of partial compositeness, where the mixings tL,R to the strongly-
coupled CFT depends on the dimension of the operators OtL and OtR, defined in eq. (37). In
this case the Ω-dependence in eq. (49) is modified to
(ytΨ¯LHΨR + h.c.) → (ytΨ¯LHΨR + h.c.)Ω−8+dL+dR , (51)
where 3 ≤ dL,R ≤ 4 are the dimensions of the operators OtL,R. The lower-limit on dL,R arises
from the unitarity bound, while the upper-bound is to assure that the coupling of the top to
the CFT is at least marginal. The linear effective couplings of the dilaton are now given by
L1 =
S
fD
[
2κ|DµH|2 − (κ−∆t)(ytΨ¯LHΨR + h.c.)
]
, (52)
where ∆t ≡ 8− dL− dR, satisfying 2 ≥ ∆t ≥ 0. The above equation describes the most general
plausible scenario for the leading coupling of the dilaton to the top and Higgs sector.
Let us consider finally the couplings of the dilaton to the SM gauge fields. At the leading
order they will have the general form given in eq. (40), with fD = f . Now, the two scenarios
considered before must be distinguished, as they give different values for the bG,W,B coefficients.
In the case in which the SM gauge fields are part of the CFT, and their interactions respect
conformal invariance, the couplings to the dilaton are dictated by the trace anomaly equation,
and the bG,W,B of eq. (40) coincide with the beta-function coefficients in the SM: (bB, bW , bG) =
−1
2
(−41/6, 19/6, 7), see [45]. In the other case, in which the SM gauge fields are external to
the CFT that contains matter charged under the SM gauge group, the couplings to the dilaton
come from a threshold correction upon integrating out the massive resonances whose masses
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are effectively m∗Ω. In that case the bG,W,B coincide with the contributions of CFT matter to
the SM beta functions and are model dependent 4. The only constraints come from unitarity
that demands bG,W,B > 0.
For κ ∼ 1, as in the case of a PNGB Higgs, the dilaton coupling to the Higgs in eq. (52)
dominates the decay width and fixes fD/κ ∼ 600 GeV. In this case, the rates dictate the same
results of eqs. (44, 45) (up to a O(1) normalization factor): bG ∼< 0.6 and bW + bB ∼> 230. On
the other hand, for κ ∼ 0 and a mechanism of partial compositeness giving a large ∆t, we can
use the dilaton decay into top quarks to provide its large width for fD = 400(∆t/2) GeV. Then
bG ∼ 1.5 and only bB + bW ∼ 45 are required to obtain the correct width into photons and
gluons. In the latter case it is however impossible to interpret the Higgs as a light PNGB.
4.2 Vector-like confinement
We now consider QCD-like strongly coupled sectors that do not break the electroweak symme-
try [46]. These models were already considered in the past as ways of dynamically inducing the
electroweak scale [35], and as ways of obtaining composite dark matter [47]. Explicit funda-
mental models can be easily written down. In the minimal scenario one adds to the SM (with
its elementary Higgs doublet) new vector-like fermions Q charged under the SM and under a
non-abelian gauge group, such as SU(NTC), with a gauge coupling that becomes strong at a
scale Λ.
Upon confinement such theories give rise to composite particles of various spins that couple
to SM vectors and are compatible with present data from flavor, precision tests and direct
searches even for a dynamical scale Λ<∼ 1 TeV (unlike technicolour models where strong dy-
namics breaks SU(2)L). When the fermions are lighter than the confinement scale, chiral
symmetry breaking at the scale f produces light scalar “techni-pions” with quantum numbers
determined by the constituent fermions. In particular one obtains a number of singlets equal
to the number of irreducible fermion representations. The decay of the techni-pion singlets into
SM gauge bosons is determined by the chiral anomalies as for pi0 → γγ in the SM. In addition
other scalars such as a dilaton or generic composite states will appear in the spectrum (c.f.
discussion in Sec. 4.1.3).
Techni-eta (singlet techni-pions) have SFµνF˜µν interactions to SM vectors, as in eq. (13)
but no coupling to SM fermions at leading order. The translation to the notation of eq. (46)
is given by
1
Λ˜i
=
ci
8pi2f
where i = {B,W,G, γ}, (53)
4One may worry about corrections to the coupling of S to photons and gluons induced by top and Higgs
loops through the coupling in eq. (52). One is easily convinced that top loops give an effect that is suppressed
by m2t/m
2
D as compared to the generic contributions from the beta functions, and thus are negligible. On the
other hand, Higgs loops from the first term in eq. (52) could affect the coupling to photons without power
suppression, something that deserves a further study.
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cηB
NTC
cηW
NTC
cηG
NTC
ΓηγZ
Γηγγ
ΓηZZ
Γηγγ
ΓηGG
Γηγγ
cη
′
B
NTC
cη
′
W
NTC
cη
′
G
NTC
Γη
′
γZ
Γη
′
γγ
Γη
′
ZZ
Γη
′
γγ
Γη
′
GG
Γη
′
γγ
D + L 1
6
√
5
3
1
2
√
3
5
- 1√
15
1.8 4.7 240 1
3
√
5
2
1√
10
1√
10
0.23 1.9 180
Q+D -1
6
1
2
0 17 22 0 1
3
√
2
1√
2
1√
2
2.9 6.1 740
U + E - 5
3
√
6
0 1
2
√
6
0.57 0.08 120 7
3
√
2
0 1
2
√
2
0.57 0.08 60
G+ E -4
3
0 1
2
0.57 0.08 180
√
2
3
0
√
2 0.57 0.08 12000
U +N 4
3
√
6
0 1
2
√
6
0.57 0.08 180 4
3
√
2
0 1
2
√
2
0.57 0.08 180
Table 2: Anomaly coefficients for the η and η′ singlets as predicted by a sample of vector-
like confinement models. The Q,U,D,L,E,G, . . . fermionic vector-like multiplets are precisely
defined in [47].
From this the widths into photons and gluons read
Γγγ
M
= c2γ
α2
64pi3
M2
f 2
,
Γgg
M
= c2G
α23
8pi3
M2
f 2
, (54)
and similarly for other channels. The hypercharge, electroweak and QCD anomaly coefficients
are explicitly given by
cB = 2NTC Tr(TSY
2) , cW δ
ab = 2NTC Tr (TST
aT b) and cGδ
AB = 2NTC Tr (TST
ATB).
(55)
Furthermore cγ = 2NTC Tr(TSQ
2) = cB + cW . Here T
a are the SU(2)L generators (which
satisfy Tr(T aT b) = δabn(n2 − 1)/12 in the n-dimensional irreducible representation), TA are
the SU(3)c generators, and TS is the chiral symmetry generator associated to S. The anomaly
coefficients are model-dependent numbers determined by the quantum numbers of the fermions
under the SM. The key novelty with respect to the perturbative models is that 1/f plays
the role of yf/Mf . Strong interactions typically give M/f ∼ 4pi/
√
NTC for composite states
or smaller if the scalar S is a PNGB. This is effectively equivalent to allowing the Yukawa
couplings introduced in the perturbative models of section 3 to become maximal (as large
g∗ ∼ 4pi/
√
NTC for QCD-like theories), thereby enhancing the S → γγ, gg widths. Notice that,
since the anomaly coefficients are proportional to NTC while M/f decrease with 1/
√
NTC, the
maximum width increases linearly with NTC.
Assuming that QCD processes dominate over electroweak ones, Γ(S → gg)  Γ(S →
γγ, ZZ,WW,Zγ), and the absence of other decay channels, Γγγ/M ≈ 10−6 (see fig. 1a) in
order to reproduce the signal rate. Comparing with eq. (54) we find,
M
f
≈ 6
cγ
. (56)
Next, again assuming that the total width Γ of S is dominated by decay into gluons we derive
Γ ≈ Γgg = 8α
2
s
α2
c2G
c2γ
Γγγ ≈ c
2
G
c2γ
GeV . (57)
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As discussed in section 2 the gg → S → γγ scenario without other decay channels cannot
explain the total width of 45 GeV favoured by ATLAS. If allowed by phase space, S can also
decay into lighter techni-pions (2 or 3, depending on whether the T-violating θTC angle in the
strong sector is different from zero). If present this new decay mode could be dominant and
give a sizable width Γ induced by strong interactions. S could also decay into Higgs and lighter
techni-pions if the quantum numbers of the new fermions allow for Yukawa couplings. In this
more general setting the signal and width are reproduced for
M
f
≈ 14√
cG cγ
(
Γ
45 GeV
) 1
4
. (58)
For the central value of the width indicated by ATLAS we need Γγγ/M > 10
−4 so that
M
f
>
50
cγ
. (59)
This equation implies that M/f should be close to maximal unless the strong sector has large
NTC. The latter option is preferred in order to avoid coloured states around M but this could
ruin the perturbativity of SM couplings at high energies.
All the coefficients of the effective operators in eq. (13), and from here the S → γγ, γZ, ZZ,
WW, gg widths, are predicted in terms of the anomaly coefficients, as discussed in section 2.3.
The experimental limit on decays into massive SM vectors are satisfied if −0.3 < cW/cB < 2.4.
If future data will see the excess in more than one final state channel, the ratios of cross sections
will be predicted in terms of the ratio of the corresponding anomaly coefficients, which form
a discrete set (unless multiple techni-η are present and mix among them). The total width of
the resonance determines in turn the width in all the channels, including invisible.
Examples of concrete models are listed in table 2. Let us discuss for instance the Q ⊕ D
model: we extend the Standard Model by adding an SU(NTC) gauge theory with fermions Q =
(NTC, 3, 2)1/6 ⊕ (NTC, 3, 1)−1/3 plus their conjugates Q¯ under SU(NTC)c ⊗ SU(3)c ⊗ SU(2)L ⊗
U(1)Y . This theory contains acceptable techni-baryon DM candidates and could achieve SM
gauge couplings unification around 1017 GeV [47]. The techni-strong dynamics spontaneously
breaks the accidental U(9)L ⊗ U(9)R global flavour symmetry down to the diagonal subgroup
U(9). This symmetry is explicitly broken by the SM gauge interactions, Yukawa interaction
with the elementary Higgs and by the techni-fermion masses. The techni-pions decompose
under the SM as,
2× (1, 1)0 + 2× (8, 1)0 + (8, 3)0 + (1, 3)0 + (1, 2)± 1
2
+ (8, 2)± 1
2
. (60)
The two singlet techni-η do not receive mass from SM gauge interactions. One of two singlets
corresponds to the flavour generator proportional to the identity: it is the analog of the η′ in
QCD and is anomalous under the new strong interactions, with mass given by eq. (34). The
anomaly coefficients and partial widths are given in table 2 and are compatible with the present
experimental bounds on Γ(S → Zγ) and Γ(S → ZZ) in table 1. The second singlet can be
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lighter but has a vanishing colour anomaly so that it cannot be produced through gluon fusion.
This is however an accidental feature of this model, not shared by similar models. For example
in the model with the unified representation L+D, the lighter singlet η is viable and predicts
widths in other channels observable in the near future. Due to the absence of Yukawa couplings
in this model the specie numbers L and D are conserved so that techni-pions made of LD (in
the (3, 2)1/6 SM representation) are long lived, unless non-renormalizable operators are added.
Other models are found in table 2.
4.2.1 Q-onium
Another possibility appears if the extra vector-like fermions Q have masses which are compa-
rable or slightly above the confinement scale Λ (similarly to charm quarks in QCD) and chiral
symmetry is not spontaneously broken. The lightest composite states will be Q-onium like and
glueballs. If Q have colour and electromagnetic charges, these Q-onia can couple to gg and
γγ with tree-level strengths. In simple potential models of QQ¯ resonances, the corresponding
decay widths are given by [48]
Γ(S → γγ)
M
∼ α2Q4QF 2S ,
Γ(S → gg)
Γ(S → γγ) = 8
α23
α2
[
IrQ
drQQ
2
Q
]2
, (61)
where QQ and rQ are the charge and colour representation of Q. Furthermore, for states
with angular momentum J , FS is the J-th radial derivative of the QQ¯ wavefunction at the
origin, in units of M . For Λ < 2MQ it is expected to scale as FS ∼ (Λ/2MQ)(J+3)/2. For
Λ ∼ 2MQ this could produce a large width in photons and decays into techni-glueballs (if
kinematically allowed) can account for the total width. For example the cc¯ state ηc[2980] in
QCD has Γ(ηc → γγ)/M ≈ 2× 10−6. This could be increased by lowering the fermion mass or
increasing NTC.
5 Decays into Dark Matter?
An interesting speculative possibility is that a dominant or substantial width of S is into Dark
Matter particles (see also [49]). This can be realised by identifying one of the Q particles in
eq. (20) with Dark Matter, and assuming that it is a singlet under the SM gauge group.5 We
consider the following models. The new scalar S couples to a single parton pair ℘℘¯ in the
proton with width Γ℘℘, to photons with width Γγγ, and to DM with width such that its total
width is Γ = 0.06M , as favored by ATLAS. We explore, in turn, all partons in the proton,
℘ = {g, u, d, s, c, b}. In the right panel of fig. 2 we show the regions in the (Γ℘℘,Γγγ)/M plane
that reproduce the pp→ S → γγ cross section favored by LHC, while satisfying all bounds, in
particular from dijet and invisible final states.
5A DM multiplet with electroweak interactions could also generate S → γγ at one loop. Unfortunately, in
view of gauge annihilations, any electroweak multiplet would have a thermal relic abundance smaller than the
DM relic abundance, if its mass is below M/2 (and above MW , as suggested by experimental constraints) [50].
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Neglecting the possibility that the width is dominated by the γγ channel, we see that a
dominant decay width into DM is needed if S is produced through the ℘ ∈ {g, u, d} partons,
while the decay width into DM can be small or even vanishing if instead S only couples to
℘ ∈ {s, c, b}. In all cases a relatively large Γγγ/M >∼ 10−5 is needed. SM loops alone produce
a much smaller effect, so that extra charged states must be added. Even so, reproducing such
a large rate needs uncomfortably large charges and/or couplings. We thereby focus on the
smallest allowed values of Γγγ, which correspond to values of the S couplings to partons around
the upper bounds listed in the following table:
parton Upper bound
℘℘ on the partonic coupling
gg M/Λg,M/Λ˜g < 0.05
uu¯ yuS, y˜uS < 0.08
dd¯ ydS, y˜dS < 0.11
ss¯ ysS, y˜sS < 0.68
cc¯ ycS, y˜cS < 0.71
bb¯ ybS, y˜bS < 0.71
5.1 Cosmological Dark Matter abundance
We next describe how the DM thermal relic abundance can be computed in a quasi-model-
independent way. In the usual relic abundance computation, the key quantity is the thermal
average of the annihilation cross section of two DM particles, which depends on s = (p1 + p2)
2
where p1 and p2 are quadri-momenta of the DM particles. As usual, DM annihilation freezes
out when DM is non relativistic, at a temperature Tf ≈ MDM/25. In most of the parameter
space, the DM annihilation cross section can then be expanded in the non-relativistic limit6 in
powers of the relative DM velocity v = 2
√
1− 4M2DM/s as
σv = σ0 + v
2σ1 +O(v4). (62)
Then, the approximated solution to Boltzmann equations dictates that the DM thermal relic
abundance reproduces the observed cosmological DM abundance when
σ0 +
3Tf
MDM
σ1 ≈ 1
(22 TeV)2
. (63)
The sub-leading p-wave term is accurate only when the leading s-wave term vanishes.
A 2→ 2 cross section is given by the usual general formula
σ =
pout
pin
∑
out〈|A |2〉in
16pis
(64)
6In our case, the above approximation fails only in the narrow range 0 ≤MS−2MDM<∼Tf , where the thermal
average of the cross section receives significant contributions from configurations where the DM particles can
acquire enough energy to perform a resonant scattering. The width of the left-handed size of the narrow dip is
always a few %.
32
GDM = 0.01 MS
GDM = 0.03 MS
GDM = 0.06 MS
100 100030 300 3000
10-2
10-1
1
10
DM mass in GeV
S
ca
la
r
co
u
p
li
n
g
y D
M
gg
uu
dd
ss
cc
bb
GDM = 0.01 MS
GDM = 0.03 MS
GDM = 0.06 MS
100 100030 300 3000
10-2
10-1
1
10
DM mass in GeV
P
se
u
d
o
-
sc
al
ar
co
u
p
li
n
g
y D
M
Figure 9: Regions in the plane (DM mass, DM coupling to S) where DM has the observed relic
abundance (bounded by blue lines), assuming 3 values of the S width: Γ/M = 0.06 (solid), 0.03
(dashed), 0.01 (dotted). Furthermore, the red contour lines show when such width is reproduced
dominantly through S decays into DM. The dots indicate the points where both conditions are
satisfied, as described in table 3. The contours labeled by parton pairs show the upper bounds
from spin-independent DM direct detection assuming maximal couplings of S to partons. Such
bounds are negligible in the pseudo-scalar case.
where pin(out) is the momentum of an in-coming (out-going) particle in the center-of-mass frame.
The only DM annihilation process present for MDM < MS is the s-channel diagram where a
virtual S∗ is exchanged between DM and a generic set of SM final-state particles. Then,
the amplitude for this process can be decomposed as A = AinAout/Π where the resummed
propagator is written in terms of the two-point function as Π(s) = s −M2S + δΠ. The loop
corrections δΠ can be complex describing the width of a virtual S∗. In order to compute the
thermal relic abundance we need σv, where v is the relative DM velocity, v = 2pin/MDM:
σv =
〈|Ain|2〉
MDM
× 1|Π|2 ×
∑
out
|Aout|2pout
8pis
. (65)
In the above equation:
• The latter factor is Γ(S∗ → SM), the decay width of a virtual S with mass √s ≈ 2MDM
into SM particles.
• The factor in the middle gives the Breit-Wigner shape, with a generalised off-shell width.
Its imaginary part
√
sΓS∗ can be approximated as MSΓS, given that it is relevant only
when S is almost on-shell.
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scalar coupling pseudo-scalar coupling
Γ/M MDM yDM MDM y˜DM
0.06 217 GeV 1.67 101 GeV 1.25
0.03 260 GeV 1.41 148 GeV 0.91
0.01 308 GeV 1.17 234 GeV 0.57
Table 3: Predictions for the DM mass and the DM coupling to S.
• The first factor has been renamed as
Γv(DM→ S∗) ≡ 〈|Ain|
2〉
MDM
. (66)
In view of the average over initial DM states, it does not increase if multiple DM states
are introduced.
We then obtain the final formula for the s-channel DM annihilation cross section at s>∼ 4M2DM:
σv =
Γv(DM→ S∗)Γ(S∗ → SM)
(s−M2)2 +M2Γ2 . (67)
Let assume, for example, that DM is a Dirac fermion. The factor Γv, expanded in the non-
relativistic limit, is
Γv(DM→ S∗) = 2MDMy˜2DM +
v2
2
MDMy
2
DM + · · · (68)
These are the factors that enter into the resonant DM annihilation cross section of eq. (67).7
Fig. 9 shows the regions in the (DM mass, DM coupling) plane where the DM cosmological
thermal abundance is reproduced (in blue) and where the total width is reproduced in terms
of decays into DM, with width
Γ(S → Ψ¯DMΨDM) = MS
8pi
Re
[
y˜2DM
(
1− 4M
2
DM
M2S
)1/2
+ y2DM
(
1− 4M
2
DM
M2S
)3/2]
. (71)
Table 3 lists the values of the DM mass and couplings such that both conditions are satisfied.
From figure 9 one can easily derive the analogous results in presence of multiple DM states or
with a different total width of S.
7We also add the model-dependent Ψ¯DMΨDM → SS scattering process, which only contributes if r =
MDM/M ≥ 1. Ignoring possible S self-interactions, we find the following extra contribution to the DM annihi-
lation cross section induced by the couplings yDM, y˜DM. The s-wave term is present only when CP is violated
σ0 =
y2DMy˜
2
DM
2piM2DM
r3
√
r2 − 1
(2r2 − 1)2 . (69)
The p-wave term is
σ1 =
1
24piM2DM
r3
√
r2 − 1
(2r2 − 1)4
[
y4DM(2− 8r + 9r4) + y˜4DM(r2 − 1)2 − 3y2DMy˜2DM
1− 8r2 + 20r4 + 12r6
2(r2 − 1)
]
. (70)
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5.2 Direct detection
Given that S couples as S(JSM + JDM) (where the factors J have been defined previously),
by integrating out S one obtains the effective Lagrangian relevant for direct detection of Dark
Matter, Leff = JSMJDM/M2. The dominant Spin-Independent direct detection cross section is
produced only if S is a scalar that couples to the SM particles through the Λg or ySq couplings
and to DM thought the yDM coupling. The Spin-Independent direct detection cross section
is [51]
σSI =
m4Ny
2
DM
piM4S
[
− 12pi
2fg
9Λg
+
∑
q
yqSfq
yqv
]2
. (72)
The protonic matrix elements are fu ≈ 0.019, fd ≈ 0.024, fs ≈ 0.093, fg ≈ fc ≈ fb ≈ ft ≈
2
27
(1− fu− fd− fs) ≈ 0.064. Furthermore yq are the usual Yukawa couplings of quarks q to the
SM Higgs doublet with vacuum expectation value v = 174 GeV. Inserting numbers, eq. (72)
becomes
σSI = 4 10
−47 cm2 y2DM
[
− 27.MS
Λg
+ 0.30
yuS
yu
+ 0.38
ydS
yd
+ 1.5
ysS
ys
+
ycS
yc
+
ybS
yb
+
ytS
yt
]2
. (73)
If S couples to gluons, the bound yDM <∼ 4 (for MDM ≈ 100 GeV) is weak, given that M/Λg <
0.05. Stronger bounds are obtained if S couples only to quarks: the bounds on yDM are shown
in the left panel of fig. 9, where we consider S coupled to each parton ℘ in turn, and in each
case we assume the maximal value of the coupling of S to the parton (MS/Λ or yqS), in order
to reduce Γγγ.
The previous bounds hold for the case of scalar couplings. Bounds on y˜DM are weaker
by orders of magnitude. Similarly, bounds on yDM and on y˜DM are much weaker if S is a
pseudo-scalar state that couples through Λ˜g, y˜q.
Indirect detection bounds are instead negligible for the case of a scalar S, given that it gives
a p-wave suppressed DM annihilation cross section.
6 Improved Run 1/Run 2 compatibility from a parent
resonance
While the simplest interpretation of the diphoton peak is a resonance with mass M = 750 GeV,
a closer inspection of the data may suggest to consider more complicated kinematics. Specifi-
cally, the 750 GeV resonance is not apparent in LHC data at 8 TeV, save for a slight upward
fluctuation. In eq. (1) we see that the 8 TeV data prefer a cross section which is 0.06 ± 0.06
times smaller than that at 13 TeV, and a naive fit of the pp → γγ rates in eq. (1) shows that
the data at
√
s = 8 TeV are incompatible with those at
√
s = 13 TeV at 95% confidence level
if the cross section grows less than about a factor of 3.5.
Figure 10 shows how the cross section for producing a resonance with mass M increases
depending on the initial partons. The cross section for producing a resonance at M = 750 GeV
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Figure 10: Ratio of pp cross sections at
√
s = 13 TeV and 8 TeV for producing a narrow
resonance S with mass M computed for different initial partons, compared to the inverse ratio
of luminosities accumulated by CMS (upper) and ATLAS (lower). This reflects the relationship
of the total number of events observed between 8 and 13 TeV, but does not reflect the significance,
which depends additionally on the background at the two energies.
increases by a factor 4.7 for gg initial partons and by 5.4 for bb¯ partons. This roughly compen-
sates for the reduced luminosity accumulated during Run 2 (3.6 fb−1 in ATLAS and 2.6 fb−1 in
CMS) with respect to Run 1 (about 20 fb−1). Furthermore, the SM γγ background increases
by a smaller factor ≈ 2.3. Indeed it is dominated by qq¯ → γγ and σ(pp → γγ) ≈ 6 fb at 8
TeV and ≈ 14 fb at 13 TeV, after imposing mγγ > 750 GeV and standard cuts. We thereby
see that Run 2 data can already be more powerful than Run 1 data. A stronger increase of
the signal/background ratio is obtained if the 750 GeV diphoton resonance originates from the
decay of a heavier resonance, according to the process depicted in fig. 11. This scenario could
arise in both perturbative or strongly coupled models. Here we will just consider the generic
predictions.
6.1 General framework
The basic framework is that a heavy “parent” resonance P is produced at the LHC, pp → P .
Then P decays to a 750 GeV resonance S and another state R. Finally R decays to final
state particles which evade detection. If they are dark matter particles we will denote them
by χ. Alternatively, R may also cascade through hidden sector states terminating in a large
multiplicity of soft hadrons, as may occur in ‘Hidden Valley’ scenarios [52]. As these additional
states evade detection the only observed end product is S, which decays to two photons. Let
us first consider the case that χ is a stable dark matter particle.
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Figure 11: Production of a diphoton resonance S from the decay of a heavier “parent” resonance
P . The additional decay products χ, originating from the decay of R, may be stable dark matter
candidates and escape undetected (left) or may decay into high multiplicity soft hadronic final
states (right), which are difficult to discriminate from soft QCD processes. For the case of
dark matter production significant missing energy is avoided by a small mass splitting mP =
mS +mR + ∆, where ∆ ∼ 10 GeV is small enough to suppress the missing energy signature.
There are a number of possibilities for the nature of the particles involved, which we will
now discuss.
• For a gg initial state a scalar parent resonance P could be produced via a loop of heavy
particles, denoted with a dot in fig. 11. This scalar resonance could decay to two scalars,
S and R.
• For a bb initial state P could be a heavy vector boson, which decays to a scalar S and
another vector R. For the remainder of this work we will consider the gg initial state and
scalar P , S, and R.
• The most minimal possibility for a gg initial state would be if P decays to two S resonances
(i.e. R = S in fig. 11). In this way, if S has the largest branching ratio to dark matter S →
χχ and a smaller branching ratio to diphotons S → γγ, then the majority of the observed
events would be in the gg → P → SS → χχγγ final state. Eventually an observation of a
pair of diphoton resonances would be expected from gg → P → SS → γγγγ, however this
would depend on the diphoton branching ratio. To make this setup even more appealing,
it could be that the dark matter χ is in an electroweak multiplet, such that direct decays
to dark matter generate the required width, and loops of charged dark matter partners
generate the coupling to photons. In this case final states gg → P → SS → χ+χ−γγ
could occur, where χ± → χ0 + pi±, where the final state pions are very soft.8
• Finally, the missing energy spectrum can be significantly softened if the parent resonance
decays immediately to a three-body final state, P → SRT , where now T is some additional
8Also for higher EW multiplets longer cascades could occur i.e. S → χ+++χ−−− → χ++χ−−pi+pi− →
χ+χ−2pi+2pi− → 2χ03pi+3pi−.
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state. If R and T , or their decay products, are invisible then a similar signature arises if
mP = mS +mR +mT + ∆, where in this case it is likely that ∆ could be larger than for
the two body decays while still suppressing the missing energy signature.
In the recently observed diphoton excess events there is no significant missing energy com-
ponent, thus an immediate question in this setup is how the missing energy is hidden. The
only observable is the diphoton system, and all of the observed missing energy comes about
through the boost of the diphoton system, which is proportional to the boost of S. Since at
leading order P is produced at rest in the transverse direction, all of the transverse boost of S
comes from the decay P → RS. Thus the boost of S may be suppressed if the mass splitting
∆ = mP −mS −mR is small. We assume this small mass splitting comes about accidentally,
although it would be interesting to see how it may be motivated within a full model. This
requires a coincidence of masses, however if such a coincidence is tolerated then this setup may
realise an observed 750 GeV diphoton resonance which originates from the production of a
much heavier parent resonance.
In the limit of a small mass splitting ∆ the total momentum of the diphoton system (pS)
in the rest frame of the parent will be given by
pS =
√
2mRmS∆
mR +mS
, (74)
thus, if S is produced isotropically the missing energy spectrum will be approximately described
by the following transverse momentum (pT ) distribution
dN
dpT
= N
pT
pS
√
p2S − p2T
, (75)
which is sharply peaked at values pT ∼ pS.
6.2 A benchmark model
We will consider a model with a scalar parent resonance P coupled to gluons as in eq. (10). The
750 GeV resonance S will be coupled to photons as in eq. (10) and we will assume the width
ΓS/mS ∼ 0.06. This could come about from any of the mechanisms discussed in sections 3 and
4. The final ingredient is that P will be coupled to S and an additional state R as
V = λmPPSR , (76)
where we have chosen to normalise the dimensionful coupling in units of the parent resonance
mass. A full phenomenological study of this scenario is beyond the scope of this work, however
we will provide a benchmark scenario and use this to highlight the phenomenology. From
fig. 10 we see that the cross section increase from 8 to 13 TeV for a gluon-initiated resonance
approaches a factor of 7 for a heavy resonance of mass mP ≈ 1.2 TeV (which is preferable over
a factor 4.5 for a 750 GeV resonance). With this in mind we take a benchmark set of masses
mP = 1.2 TeV, mS = 750 GeV, mR = 440 GeV (77)
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Figure 12: Missing energy spectrum for the benchmark parameter point described in the text
when R decays to dark matter. For R decays to high multiplicity hadronic final states there would
be no overall missing energy; however the diphoton system would have the same transverse boost.
and benchmark couplings of
Λg,P = 40 TeV, λ = 1. (78)
To study the phenomenology we have implemented this model in MadGraph [53]. Events were
showered in Pythia [54]. Resonances are decayed using MadSpin [55]. For these benchmark
parameters the cross sections and branching ratios are
σ(pp→ P ) = 74 fb, BR(P → RS) = 0.94, BR(P → gg) = 0.06 (79)
consistent with bounds on dijet resonances. Thus, to achieve the needed total effective cross
section for the diphoton resonances we require a branching ratio into photons of BR(S →
γγ) ≈ 0.1. If the experimental hint for a width of ΓS ∼ 45 GeV was also to be generated then
it would likely be required to generate a larger production cross section, in order to tolerate a
smaller diphoton branching ratio. This is because it would typically be difficult, especially in
perturbative models, to have ΓS→γγ ∼ 4.5 GeV for a branching ratio BR(S → γγ) ≈ 0.1. More
generally, the width and branching ratio parameters could be achieved by using the scenarios
described in sect. 3. In fig. 12 we show the missing energy distribution of the events. As can
be seen, the majority of the events are at missing energies of pT ∼ 70 GeV.
6.3 Suppressed parent resonance decays
If the mass splitting ∆ is small, the phase space for P → RS decays is greatly suppressed.
This can be seen from the fact that the width is proportional to pS/mP , where pS is given in
eq. (74). As P has been produced in parton collisions at the LHC it may also decay into SM
final states, thus for this class of models it may be necessary to ensure the P → RS decays to
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dominate. We may understand this better by considering the benchmark model of the previous
section. The ratio of partial widths to gluons and hidden sector states is
Γ(P → gg)
Γ(P → RS) = (8piα3)
2 m
3
P
λ2Λ2g,M
√
mR +mS
2mRmS∆
. (80)
Inserting the benchmark parameter values from eq.s (77) and (79) we see that this ratio is
indeed small (6%) thus the great majority of P production events at the LHC will result in
P → RS decays.
6.4 Possible signatures
We see from fig. 12 that in the future, if a scenario involving dark matter production is re-
sponsible for the observed diphoton excess, some events with missing energy in addition to the
diphoton resonance should arise. In particular, an ISR jet could boost the entire system of
particles, thus a much larger missing energy signature may arise, depending on the model, in a
monojet or monojet+diphoton search. On the other hand, it is also notable that if R is hidden
by decays to high multiplicity soft hadronic final states rather than dark matter then, since R
is produced almost at rest in the transverse direction, this soft radiation would be distributed
almost isotropically. As the multiplicity would need to be high to hide the mass energy of R,
the photon isolation from soft QCD radiation would likely be degraded. Also, in this class of
models, a dijet resonance at higher masses could possibly be observed from gg → P → gg
production, however this may be suppressed if P decays dominantly via P → RS.
There are more exotic possibilities concerning the embedding of this general framework into
a complete model. One which may address the question of the large width is, in the same
spirit of sect. 3.2, that the dark sector be composed of a multitude of states S1, S2, .., SN all
with similar masses split by small amounts of O(few GeV). This is natural if these states
are in a multiplet of some approximate global symmetry, as with e.g. pi0, pi±. If each of
these states can decay as Si → γγ, χχ, where χ is the dark matter or some other invisible
state, then if Γ(Si → χχ)  Γ(Si → γγ) the dominant observable signature will come from
pp → P → Si(→ χχ)Sj(→ γγ). The diphoton invariant mass will be equal to mSj thus a
spectrum of diphoton resonances centered around some mean value, in this case 750 GeV, would
be observed. The width of the total spectrum of diphoton lines may reproduce the required
value of ∼ 45 GeV. In this way, measuring the observed diphoton excess would correspond
performing dark sector spectroscopy.
In all of these scenarios the diphoton system would on average be boosted with a transverse
momentum distributed according to eq. (75), which is a characteristic signature of this setup.
For the benchmark we chose a typical boost of ∼ 70 GeV, however this boost is essentially a
free parameter and could take a range of values. With this in mind it would be interesting to
scrutinise the data to see if the diphoton system is on average boosted in the observed events.
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7 Conclusions
An excess in pp→ γγ events at √s = 13 TeV peaked at the invariant mass M ≈ 750 GeV has
been claimed by the ATLAS and CMS collaborations, with a local statistical significance of
3.9 and 2.6 standard deviations respectively. The ATLAS data favour a relatively large width,
Γ/M ≈ 0.06, a feature not apparent in the CMS data which however have a smaller integrated
luminosity.
The excess is not incompatible with the pp → γγ data taken at √s = 8 TeV, provided
that the 750 GeV resonance production is initiated by gg or bb¯ or cc¯ or ss¯ partonic collisions.
The compatibility of Run 1 and Run 2 data can be improved by assuming that the 750 GeV
resonance is produced though decays of a heavier ‘parent’ particle. In section 6 we propose
a way to realise this process without extra hard particles or missing transverse energy in the
event, as suggested by data. The mechanism relies on a mild coincidence between the masses
of different particles. This scenario may also be connected to dark matter production at the
LHC.
In section 2 we analyse the phenomenological properties of the simplest interpretation —
a bosonic s-channel resonance S. The particle can have spin 0 or 2. We extract from data its
partial decay widths into the various SM channels. A total width Γ ≈ 0.06M is added as an
optional constraint, given that this experimental information is particularly uncertain. We also
take into account the bounds from 8 TeV data on hypothetical resonances in other channels,
as summarised in table 1.
A particle coupled to gluons and photons (for example through loops of extra fermions)
would be a simple theoretical option. We find that gg → S → γγ can fit the signal rate.
Reproducing the total width, compatibly with the absence of dijet peaks, requires the presence
of additional decay modes beyond S → γγ, gg. In order to avoid over-production of S, most
of its large width must be attributed to particles with small partonic content of the proton.
At the same time these particles must make a final state not subject to strong experimental
constraints. We find that t, b quarks are good candidates. A decay width into extra invisible
states, such as dark matter, is also a viable option. Fig. 2 shows how the various possibilities
can reproduce the data.
In section 3 we try to build weakly-coupled models that reproduce the required S partial
widths. This can be easily done only if the constraint on the total width is ignored or rein-
terpreted. Indeed, in section 3.2 we have shown how a multiplet of quasi-degenerate narrow
resonances can fake the apparently large ‘width’. This situation is automatically achieved in
the case of a new heavy Higgs doublet, where the two neutral components can be split by the
right amount through electroweak breaking effects.
If instead a genuine wide width is confirmed by data, a large Γ(S → γγ) is required in order
to keep BR(S → γγ) at the value necessary to reproduce the rate of the observed excess. That
requires a sizeable coupling of S to two photons, which under broad circumstances implies a
large number N of degrees of freedom, with possibly large gauge quantum numbers. We have
shown that some coupling becomes non-perturbative not much above the TeV scale. Such a
situation normally arises in strongly coupled models.
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The hierarchy problem and its resolution by Higgs compositeness in principle fits well this
situation. That is certainly the case if the large width is into new invisible states. In that case
a strong sector characterized by an effective coupling g∗ ∼ 3 among resonances, reminiscent
of a theory with large N ∼ 10, seems like a fair explanation of the data. On the other hand,
for the case in which the width must be accounted by either the decay to t¯t or to WLWL/hh,
parameters have to be somewhat stretched. Needless to say the search for the decay to these
other modes will be crucial to decide the plausibility of this option.
In section 5 we find that S decays into Dark Matter can reproduce the large S width favoured
by ATLAS as well as leading to a DM thermal relic abundance compatible with the measured
cosmological abundance.
Acknowledgments
This work was supported by the ERC grant NEO-NAT and the MIUR-FIRB grant RBFR12H1MW. We thank
M. Mangano, C. Maiani, E. del Nobile, A.D. Polosa and G. Salam for useful discussions. The work of JFK was
supported in part by the Slovenian Research Agency. The work of AP has been partly supported by the Catalan
ICREA Academia Program and grants FPA2014-55613-P, 2014-SGR-1450 and SO-2012-0234. The work of RR
and RT is supported by Swiss National Science Foundation under grants CRSII2-160814 and 200020-150060.
References
[1] LHC seminar “ATLAS and CMS physics results from Run 2”, talks by Jim Olsen and Marumi Kado,
CERN, 15 Dec. 2015. ATLAS note, ATLAS-CONF-2015-081, “Search for resonances decaying to photon
pairs in 3.2 fb−1 of pp collisions at
√
s = 13 TeV with the ATLAS detector”. CMS note, CMS PAS EXO-
15-004 “Search for new physics in high mass diphoton events in proton-proton collisions at 13 TeV”.
[2] CMS Collaboration, CMS-PAS-EXO-12-045, “Search for High-Mass Diphoton Resonances in pp Collisions
at
√
s = 8 TeV with the CMS Detector”.
[3] ATLAS Collaboration, “Search for high-mass diphoton resonances in pp collisions at
√
s = 8 TeV with the
ATLAS detector”, Phys. Rev. D92 (2015) 032004 [arXiv:1504.05511].
[4] A.D. Martin, W.J. Stirling, R.S. Thorne, G. Watt, “Parton distributions for the LHC”, Eur. Phys. J. C63
(2009) 189 [arXiv:0901.0002]
[5] A. Djouadi, “The Anatomy of electro-weak symmetry breaking. I: The Higgs boson in the standard model”,
Phys.Rept. 457 (2008) 1 [arXiv:hep-ph/0503172] A. Djouadi, “The Anatomy of electro-weak symmetry
breaking. II: The Higgs boson in the minimal supersymmetric model”, Phys.Rept. 459 (2008) 1 [arXiv:hep-
ph/0503173]
[6] S. Fichet, G. von Gersdorff, C. Royon, “Scattering Light by Light at 750 GeV at the LHC”
[arXiv:1512.05751]. C. Csaki, J. Hubisz, J. Terning, “The Minimal Model of a Diphoton Resonance: Produc-
tion without Gluon Couplings” [arXiv:1512.05776]. C. Csaki, J. Hubisz, S. Lombardo, J. Terning, “Gluon
vs. Photon Production of a 750 GeV Diphoton Resonance” [arXiv:1601.00638].
[7] CMS Collaboration, CMS-PAS-EXO-14-005, “Search for Resonances Decaying to Dijet Final States at√
s = 8 TeV with Scouting Data”. ATLAS Collaboration, “Search for new phenomena in the dijet mass
distribution using pp collision data at
√
s = 8 TeV with the ATLAS detector”, Phys. Rev. D91 (2015)
052007 [arXiv:1407.1376].
[8] CMS Collaboration, “Search for an Higgs Like resonance in the diphoton mass spectra above 150 GeV with
8 TeV data”, Tech. Rep. CMS-PAS-HIG-14-006. http://cds.cern.ch/record/1714076.
42
[9] ATLAS Collaboration, “Search for high-mass diphoton resonances in pp collisions at
√
s = 8 TeV with the
ATLAS detector,” Phys. Rev. D92 3 (2015) 032004, arXiv:1504.05511.
[10] ATLAS Collaboration, “Search for high-mass dilepton resonances in pp collisions at
√
s = 8 TeV with the
ATLAS detector”, Phys. Rev. D90 (2014) 052005 [arXiv:1405.4123].
[11] ATLAS Collaboration, “Search for neutral Higgs bosons of the minimal supersymmetric standard model in
pp collisions at
√
s = 8 TeV with the ATLAS detector”, JHEP 1411 (2014) 056 [arXiv:1409.6064]
[12] ATLAS Collaboration, “Search for new resonances in Wγ and Zγ final states in pp collisions at
√
s = 8
TeV with the ATLAS detector”, Phys. Lett. B738 (2014) 428 [arXiv:1407.8150]
[13] ATLAS Collaboration, “Search for an additional, heavy Higgs boson in the H → ZZ decay channel at√
s = 8 TeV in pp collision data with the ATLAS detector” [arXiv:1507.05930].
[14] ATLAS Collaboration, “Search for a CP-odd Higgs boson decaying to Zh in pp collisions at
√
s = 8 TeV
with the ATLAS detector”, Phys. Lett. B744 (2015) 163 [arXiv:1502.04478]
[15] ATLAS Collaboration, “A search for resonant Higgs-pair production in the bb bb final state in pp collisions
at
√
s = 8 TeV”, Tech. Rep. ATLAS-CONF-2014-005.
[16] CMS Collaboration, “Search for a Higgs Boson in the Mass Range from 145 to 1000 GeV Decaying to a
Pair of W orZ Bosons”, JHEP 1510 (2015) 144 [arXiv:1504.00936].
[17] ATLAS Collaboration, “Search for a high-mass Higgs boson decaying to a W boson pair in pp collisions
at
√
s = 8 TeV with the ATLAS detector” [arXiv:1509.00389].
[18] CMS Collaboration, “Searches for new physics using the tt invariant mass distribution in pp collisions at√
s = 8 TeV”, Phys. Rev. Lett. 111 21 (2013) 211804, arXiv:1309.2030.
[19] CMS Collaboration, “Search for dark matter, extra dimensions, and unparticles in monojet events in pp
collisions at
√
s = 8 TeV”, Eur. Phys. J. C75 (2015) 235 [arXiv:1408.3583].
[20] CMS Collaboration, “Search for Neutral MSSM Higgs Bosons Decaying into A Pair of Bottom Quarks”,
JHEP 1511 (2015) 071 [arXiv:1506.08329].
[21] R. Barbieri, R. Torre, “Signals of single particle production at the earliest LHC”, Phys. Lett. B695 (2010)
259 [arXiv:1008.5302].
[22] L. Randall, R. Sundrum, “A Large mass hierarchy from a small extra dimension”, Phys. Rev. Lett. 83
(1999) 3370 [arXiv:hep-ph/9905221].
[23] J.A. Aguilar-Saavedra, R. Benbrik, S. Heinemeyer, M. Prez-Victoria, “Handbook of vectorlike quarks: Mix-
ing and single production”, Phys. Rev. D88 (2013) 094010 [arXiv:1306.0572]. S.A.R. Ellis, R.M. Godbole,
S. Gopalakrishna, J.D. Wells, “Survey of vector-like fermion extensions of the Standard Model and their
phenomenological implications”, JHEP 09 (2014) 130 [arXiv:1404.4398].
[24] ATLAS Collaboration, “Search for vectorlike B quarks in events with one isolated lepton, missing trans-
verse momentum and jets at
√
s = 8 TeV with the ATLAS detector”, Phys. Rev. D91 (2015) 112011
[arXiv:1503.05425].
[25] O. Matsedonskyi, F. Riva, T. Vantalon, “Composite Charge 8/3 Resonances at the LHC”, JHEP 1404
(2014) 059 [arXiv:1401.3740].
[26] CMS Collaboration, “Searches for long-lived charged particles in pp collisions at
√
s = 7 and 8 TeV”, JHEP
1307 (2013) 122 [arXiv:1305.0491].
[27] L. Di Luzio, R. Gruber, J.F. Kamenik, M. Nardecchia, “Accidental matter at the LHC”, JHEP 1507 (2015)
074 [arXiv:1504.00359].
[28] OPAL Collaboration, “Search for nearly mass degenerate charginos and neutralinos at LEP”, Eur. Phys.
J. C29 (2002) 479 [arXiv:hep-ex/0210043].
43
[29] ATLAS Collaboration, “Searches for heavy long-lived charged particles with the ATLAS detector in proton-
proton collisions at
√
s = 8 TeV”, JHEP 1501 (2015) 068 [arXiv:1411.6795].
[30] CMS Collaboration, “Search for Decays of Stopped Long-Lived Particles Produced in Proton Proton Col-
lisions at
√
s = 8 TeV”, Eur. Phys. J. C75 (2015) 151 [arXiv:1501.05603].
[31] ATLAS Collaboration, “Search for long-lived stopped R-hadrons decaying out-of-time with pp collisions
using the ATLAS detector”, Phys. Rev. D88 (2013) 112003 [arXiv:1310.6584].
[32] J. Gu, Z. Liu, “Running after Diphoton” [arXiv:1512.07624]. M. Son, A. Urbano, “A new scalar resonance
at 750 GeV: Towards a proof of concept in favor of strongly interacting theories” [arXiv:1512.08307]. F.
Goertz, J.F. Kamenik, A. Katz, M. Nardecchia, “Indirect Constraints on the Scalar Di-Photon Resonance
at the LHC” [arXiv:1512.08500].
[33] R. Barbieri, A. Pomarol, R. Rattazzi, A. Strumia, “Electroweak symmetry breaking after LEP-1 and LEP-
2”, Nucl. Phys. B703 (2004) 127 [arXiv:hep-ph/0405040].
[34] Y. Grossman, Z. Surujon, J. Zupan, “How to test for mass degenerate Higgs resonances”, JHEP 1303
(2013) 176 [arXiv:1301.0328]
[35] O. Antipin, M. Redi, A. Strumia, “Dynamical generation of the weak and Dark Matter scales from strong
interactions”, JHEP 1501 (2015) 157 [arXiv:1410.1817].
[36] P.W. Graham, D.E. Kaplan, S. Rajendran, “Cosmological Relaxation of the Electroweak Scale”, Phys. Rev.
Lett. 115 (2015) 221801 [arXiv:1504.07551]
[37] G.F. Giudice, C. Grojean, A. Pomarol, R. Rattazzi, “The Strongly-Interacting Light Higgs”, JHEP 0706
(2007) 045 [arXiv:hep-ph/0703164].
[38] J. Mrazek, A. Pomarol, R. Rattazzi, M. Redi, J. Serra, A. Wulzer, “The Other Natural Two Higgs Doublet
Model”, Nucl. Phys. B853 (2011) 1 [arXiv:1105.5403].
[39] B. Gripaios, A. Pomarol, F. Riva, J. Serra, “Beyond the Minimal Composite Higgs Model”, JHEP 0904
(2009) 070 [arXiv:0902.1483].
[40] E. Witten, Nucl. Phys. B 156 (1979) 269; G. Veneziano, Nucl. Phys. B 159 (1979) 213.
[41] A. De Simone, O. Matsedonskyi, R. Rattazzi, A. Wulzer, “A First Top Partner Hunter’s Guide”, JHEP
1304 (2012) 004 [arXiv:1211.5663].
[42] R. Sundrum, “Gravity’s scalar cousin” [arXiv:hep-th/0312212].
[43] F. Coradeschi, P. Lodone, D. Pappadopulo, R. Rattazzi, L. Vitale, “A naturally light dilaton”, JHEP
1311 (2013) 057 [arXiv:1306.4601]. B. Bellazzini, C. Csaki, J. Hubisz, J. Serra, J. Terning, “A Naturally
Light Dilaton and a Small Cosmological Constant”, Eur. Phys. J. C74 (2014) 2790 [arXiv:1305.3919]. E.
Megias, O. Pujolas, “Naturally light dilatons from nearly marginal deformations”, JHEP 1408 (2014) 081
[arXiv:1401.4998].
[44] W.D. Goldberger, M.B. Wise, “Modulus stabilization with bulk fields”, Phys. Rev. Lett. 83 (1999) 4922
[arXiv:hep-ph/9907447].
[45] G.F. Giudice, R. Rattazzi, J.D. Wells, “Graviscalars from higher dimensional metrics and curvature Higgs
mixing”, Nucl. Phys. B595 (2000) 250 [arXiv:hep-ph/0002178].
[46] C. Kilic, T. Okui, R. Sundrum, “Vectorlike Confinement at the LHC”, JHEP 1002 (2009) 018
[arXiv:0906.0577].
[47] O. Antipin, M. Redi, A. Strumia, E. Vigiani, “Accidental Composite Dark Matter”, JHEP 1507 (2015) 039
[arXiv:1503.08749].
[48] V. A. Novikov, L. B. Okun, M. A. Shifman, A. I. Vainshtein, M. B. Voloshin and V. I. Zakharov, “Char-
monium and Gluons: Basic Experimental Facts and Theoretical Introduction,” Phys. Rept. 41, 1 (1978).
44
[49] Y. Mambrini, G. Arcadi, A. Djouadi, “The LHC diphoton resonance and dark matter” [arXiv:1512.04913].
M. Backovic, A. Mariotti, D. Redigolo, “Di-photon excess illuminates Dark Matter” [arXiv:1512.04917]. S.
Knapen, T. Melia, M. Papucci, K. Zurek, “Rays of light from the LHC” [arXiv:1512.04928]. C. Han, H.M.
Lee, M. Park, V. Sanz, “The diphoton resonance as a gravity mediator of dark matter” [arXiv:1512.06376].
X-J. Bi, Q-F. Xiang, P-F. Yin, Z-H. Yu, “The 750 GeV diphoton excess at the LHC and dark mat-
ter constraints” [arXiv:1512.06787]. K. Ghorbani, H. Ghorbani, “The 750 GeV Diphoton Excess from
a Pseudoscalar in Fermionic Dark Matter Scenario” [arXiv:1601.00602]. S. Bhattacharya, S. Patra, N.
Sahoo, N. Sahu, “750 GeV Di-photon excess at CERN LHC from a dark sector assisted scalar decay”
[arXiv:1601.01569]. F. D’Eramo, J. de Vries, P. Panci, “A 750 GeV Portal: LHC Phenomenology and
Dark Matter Candidates” [arXiv:1601.01571].
[50] M. Cirelli, N. Fornengo, A. Strumia, “Minimal dark matter”, Nucl. Phys. B753 (2005) 178 [arXiv:hep-
ph/0512090]. R. Barbieri, L.J. Hall, V.S. Rychkov, “Improved naturalness with a heavy Higgs: An Alter-
native road to LHC physics”, Phys. Rev. D74 (2006) 015007 [arXiv:hep-ph/0603188].
[51] M. Cirelli, E. Del Nobile, P. Panci, “Tools for model-independent bounds in direct dark matter searches”,
JCAP 1310 (2013) 019 [arXiv:1307.5955].
[52] M.J. Strassler, K.M. Zurek, “Echoes of a hidden valley at hadron colliders”, Phys. Lett. B651 (2006) 374
[arXiv:hep-ph/0604261]
[53] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer, H.-S. Shao, T. Stelzer, P. Torrielli,
M. Zaro, “The automated computation of tree-level and next-to-leading order differential cross sections,
and their matching to parton shower simulations”, JHEP 1407 (2014) 079 [arXiv:1405.0301].
[54] T. Sjostrand, S. Mrenna, P.Z. Skands, “PYTHIA 6.4 Physics and Manual”, JHEP 0605 (2006) 026
[arXiv:hep-ph/0603175].
[55] P. Artoisenet, R. Frederix, O. Mattelaer, R. Rietkerk, “Automatic spin-entangled decays of heavy reso-
nances in Monte Carlo simulations”, JHEP 1303 (2012) 015 [arXiv:1212.3460].
45
